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TEXAS MUSSELS 
 
Nathaniel T. Marshall 
 
Thesis Chair: John S. Placyk, Jr. 
 
The University of Texas at Tyler 
May 2014 
 
Six species of freshwater mussel are of conservation concern throughout their 
range in East Texas, (Texas pigtoe (Fusconaia askewi), triangle pigtoe (Fusconaia 
lananensis), southern hickorynut (Obovaria jacksoniana), sandbank pocketbook 
(Lampsilis satura), Louisiana pigtoe (Pleurobema riddellii), and Texas heelsplitter 
(Potamilus amphichaenus)).  These species warranted listing in Texas due, in part, to 
their restricted distributions and low abundances.  These mussels, like most unionids, 
exhibit an unusual life cycle, unique to Unionidae, in which their larvae, called glochidia, 
are obligate ectoparasites on fish.  Knowledge of host fish species is severally lacking for 
many mussels, as many hosts are unknown or have not been verified.  Such natural 
history data is critical to the conservation of unionids. 
vi 
 
 The purpose of this study was to evaluate if host fish identified in the laboratory 
act as hosts in natural populations.  In addition, new species will be assessed as possible 
hosts by sampling naturally parasitized fish in the wild.  Morphological identification of 
glochidia to the species level is very difficult due to the small size of glochidia (50-500 
µm), therefore a species molecular identification dataset utilizing the sequence of the 
ND1 gene was developed prior to sampling naturally parasitized fish. 
 A molecular identification dataset designed from sequences of 37 mussel species 
found in East Texas was successfully designed and utilized to identify encysted glochidia 
on wild-caught fish.  A total of 151 glochidia were successfully identified from eight 
mussel species.  New potential fish hosts were identified for two state-threatened species, 
Fusconaia askewi (Texas pigtoe) and Pleurobema riddellii (Louisiana pigtoe).  Glochidia 
abundance and diversity was found to differ over the sampling season within the Sabine 
River.  Ecological niche modeling in Maxent supported the results found in fish host use 
of naturally encysted glochidia.  These findings are critical for understanding the 
complex relationships between mussels and their fish hosts, which is necessary for 
conservation planning. 
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Chapter One 
Unionid Life-History: An Introduction 
With approximately 297 species found in North America alone, unionid 
freshwater mussels (Bivalvia) are considered the most diverse taxonomic group on the 
continent (Turgeon et al., 1988).  Freshwater mussels occur worldwide and play a key 
ecological role in the ecosystems they inhabit.  They influence water chemistry and 
clarity, serve as food for predators, and provide physical structure supporting other 
organisms that are present (Strayer, 2008).  Freshwater mussels promote important 
ecosystem functions as well, such as particle filtration and processing, nutrient release, 
and sediment mixing (Vaughn and Hakenkamp, 2001). 
Unionid mussels are of serious conservation concern, with 12% being extinct, 
23% listed as threatened or endangered, and ~ 43% need conservation status assessments 
(Shannon et al., 1993; Williams et al., 1993; Neves et al., 1997; Vaughn, 1997).  Drastic 
declines in species richness and abundance throughout the United States have occurred as 
a result of a number of anthropogenic factors, including overharvesting, construction of 
dams, pollution, channelization, siltation, and introduction of invasive species (Haag, 
2012).  Dams have profound effects on aquatic habitat and fauna in general, and are 
considered to be the cause for 30-60% of unionid extirpations reported in major rivers in 
the Midwest (Williams et al., 1992; Layzer et al., 1993).  The introduction and spread of 
the invasive zebra mussel (Dreissena polymorpha) in  the  1980’s  has also been
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catastrophic to native unionid mussels because of resource competition and fouling, as 
zebra mussels rapidly grow on the exposed portion of burrowed unionids (Ricciardi et al., 
1998). 
Texas is home to 52 of the known 297 unionid species of North America (Neck, 
1982; Howells et al., 1997), with 11 currently under review by the U.S. Fish and Wildlife 
Service to determine if a conservation status is warranted.  Of the 37 species found in 
East Texas, six are currently state-threatened (Texas pigtoe (Fusconaia askewi), triangle 
pigtoe (Fusconaia lananensis), southern hickorynut (Obovaria jacksoniana), sandbank 
pocketbook (Lampsilis satura), Louisiana pigtoe (Pleurobema riddellii), and Texas 
heelsplitter (Potamilus amphichaenus)).  These species warranted listing in Texas due, in 
part, to their restricted distributions and low abundances.  The ranges of these species in 
the state are restricted to the Neches, Red, Sabine, and Trinity River drainages (Karatayev 
and Burlakova, 2007; Ford, 2013), with all six species co-occurring with some of the 
other 31 species of mussels found in East Texas; however, not all species are present in 
each locality.  On a broad scale, the aforementioned six species are located throughout 
the central United States with some overlapping distributions from Mississippi to Texas, 
and are all of some conservation concern throughout their range.  They have been listed 
as threatened or of special concern in several states across the central United States 
(Williams et al., 1993).  The complete mussel diversity present is fairly diverse with 15 
species placed in the subfamily Ambleminae, six in the subfamily Andontinae, and 16 in 
the subfamily Lampsilinae.   
With few exceptions, freshwater mussels exhibit an unusual life cycle, unique to 
Unionidae, in which their larvae, called glochidia, are obligate ectoparasites on fish.  
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Glochidia attach and become encysted in the host tissue of gills, fins, or scales for a 
period of a week to several months before metamorphosing into juveniles.  After release 
from the female mussel, glochidia can attach to anything they contact, from fish to even 
inanimate objects (Lefevre and Curtis, 1910; Watters and  O’Dee, 1998).  However, 
mussel species differ greatly in both the number of fish and species of hosts on which 
their glochidia can survive and metamorphose into juveniles (Neves et al., 1985).  Cyst 
formation occurs rapidly, and within six hours after attachment glochidia are 
encapsulated in host epithelial tissue (Rogers-Lowery and Dimock, 2006).  Glochidia that 
encyst on non-suitable hosts are rejected by the fish immune system and resultantly die 
(Haag, 2012).  Those glochidia that attach to a suitable host are able to survive the host 
immune response and complete metamorphosis into juvenile mussels, after which they 
release from the cyst (Meyers et al., 1980; Waller and Mitchell, 1989; Kirk and Layzer, 
1997;;  O’Connell  and  Neves, 1999).  Knowledge of host fish species is severally lacking 
for many mussels, as hosts are unknown or have not been tested (Cummings and Watters, 
2010).  Such natural history data are critical to the conservation of unionids.  Specifically, 
declines in host fish abundance, introduction of exotic fishes, and alterations of fish 
communities can have drastic consequences on the ability of mussels to successfully 
reproduce because of their unique relationship with specific fish host species.  The host-
parasite relationship of mussels is distinctive to unionids and has important ramifications 
for many aspects of mussel ecology and conservation 
Mussel species are usually classified in regards to host use as either generalists or 
specialists.  However, host use is a continual range from species that can metamorphose 
on just a single host to those that can utilize almost any fish species.  Generalists are 
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usually considered mussels that have broad immunological compatibility with hosts, and 
their glochidia are capable of metamorphosing on a taxonomically wide array of fishes, 
even encompassing multiple fish families.  Specialists can metamorphose on only a few 
fish species, usually within a single family and sometimes on just a single species (Haag, 
2012).  With approximately 130 North American mussel species with identified host 
information, only a small portion are generalists (~20%) while most are host specialists 
(Cummings and Watters, 2010).   
The Unionidae family is separated into three subfamilies: Anodontinae, 
Ambleminae, and Lampsilinae (Martin, 1997).  The subfamilies can be separated not 
only by reproductive characteristics but also differences in glochidia features.  
Anodontines have hooked glochidia that are triangular in shape and can attach to gills, 
fins, and scales of a host fish.  Amblemines and Lampsilines have similar hookless 
glochidia that only attach to gills of a host fish.  Differences in subfamilies may not be 
easily apparent when encysted and accurate identification is more difficult when 
sampling a diverse mussel bed with closely related species (Weiss and Layzer 1995).  
The subfamilies of unionids are often considered as host fish generalists (Anodontines) 
and host fish specialists (Lampsilines and Amblemines), but many exceptions exist 
(Neves et al., 1985).  Host fish information in the area is clearly lacking as only 24 of the 
37 mussel species have been investigated (Table 1), and it is probable that other suitable 
host species have yet to be identified for some mussels.  Information on host use has been 
identified for only one of the six state-threatened species, which presents an important 
conservation issue concerning their recovery. 
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The conservation and recovery of threatened mussel species is a difficult and 
complex task because of the paucity of data on suitable host fish species.  This 
knowledge is vital for propagation of mussels in the lab and for successful relocation 
efforts.  Suitable hosts for several mussel species found in East Texas have been 
investigated, but information on potential host fish is only available for one of the six 
state-threatened species (L. satura).  With the distribution of these species occurring 
throughout most of East Texas, it is possible that several fish species serve as hosts in 
different parts of their range or even within the same region.  There are two general 
methods used to identify host fish, each exhibiting advantages and disadvantages while 
providing important information on specific fish hosts and their effectiveness.  The 
traditional method uses laboratory infestations with selected fish and mussel species, 
while a more recent approach examines naturally parasitized fish caught in the wild.   
The classic approach used for host identification involves the artificial infestation 
of fish under a laboratory setting (e.g., Watters  and  O’Dee, 1998).  This approach allows 
for fish to be exposed to only one mussel species, leading to easy identification of the 
juvenile mussel upon successful metamorphosis.  Laboratory trials also allow for the use 
of one fish species, to easily test hypothesized hosts for specific mussels.  Transformation 
of glochidia into viable juveniles occurs only with suitable host species, thus providing 
direct confirmation that both mussel and host share the appropriate physiological 
characteristics necessary for successful metamorphosis.  Host effectiveness can be easily 
measured by recording the total number of days needed for glochidia to metamorphose 
and the proportion of viable juveniles recovered.  Host trials can also be easily replicated 
for more in-depth analyses.
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Table 1: Subfamily, glochidia type, conservation status, and known host species of mussel species in East Texas. 
Subfamily Species Common Name Known Host Species HL (µm) SL (µm) SH (µm) Shape Type 
Ambleminae 
Amblema 
plicata 
Threeridge Lepisosteus platostomus, Esox lusius, Carpiodes velifer, Morone 
chrysops, Ambloplites rupestris, Lepomis cyanellus, L. 
macrochirus, L. gibbosus, L. gulosus, Pomoxis annularis, P. 
nigromaculatus, Micropterus salmoides, Stizostedion 
canadense, Perca flavescens, Ictalurus punctatus, Pylodictis 
olivaris  
131 203 218 Suboval Hookless 
  Fusconaia askewi* 
Texas Pigtoe Unknown 123-128 128-131 144-149 Elongate-D Hookless 
  
Fusconaia 
lananensis* 
Triangle Pigtoe Unknown Unknown Unknown Unknown Unknown Unknown 
  Fusconaia flava 
Wabash Pigtoe Lepomis macrochirus, Pomoxis annularis, P. nigromaculatus  Unknown 150 155 Semi-circular Hookless 
  
Megalonaias 
nervosa 
Washboard Amia calva, Dorosoma cepedianum, Alosa chrysochloris, 
Anguilla rostrata, Carpiodes velifer, Ameiurus melas, A. 
nebulosus, Ictalurus punctatus, Pylodictis olivaris, Noturus 
gyrinus, Morone chrysops, Lepomis macrochirus, Micropterus 
salmoides, Pomoxis annularius, P. nigromaculatus, 
Stizostedion canadense, Aplodinotus grunniens 
153 259 331 Subelliptical Hookless 
  
Plectomerus 
dombeyanus 
Bankclimber Unknown 130-135 223-231 238-259 Subelliptical Hookless 
  
Pleurobema 
riddellii* 
Louisiana Pigtoe Unknown Unknown Unknown Unknown Unknown Unknown 
  Quadrula apiculata 
Southern Mapleleaf Unknown 22 77 65 Semicircle Unknown 
  Quadrula nobilis 
Gulf Mapleleaf Ictalurus punctatus, Pylodictis olivaris  Unknown Unknown Unknown Unknown Unknown 
  Quadrula quadrula 
Mapleleaf Pylodictis olivaris  Unknown 78 85 Purse-
shaped 
Unknown 
  Quadrula mortoni 
Western Pimpleback Unknown Unknown Unknown Unknown Unknown Unknown 
  
Quadrula 
pustulosa 
Pimpleback Scaphirhynchus platorynchus, Ameiurus melas, A. nebulosus, 
Ictalurus punctatus, Pylodictis olivaris, Pomoxis annularis  
Unknown 230 300 Subelliptical Hookless 
  Quadrula verrucosa 
Pistolgrip Ameiurus natalis, Pylodictus olivaris 47 94 111 Subelliptical Hookless 
*State-threatened                                                             ** References: Ohio State University host database: http://www.biosci.ohio-state.edu/~molluscs/OSUM2/ 
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Table 1: (Continued) 
Subfamily Species Common Name Known Host Species HL (µm) SL (µm) SH (µm) Shape Type 
Ambleminae Uniomerus declivis 
Tapered Pondhorn Unknown 77 142 192 Spatulate Unknown 
  
Uniomerus 
tetralasmus 
Pondhorn Notemigonus crysolecucas  Unknown 160 210 Spatulate Unknown 
Anodontinae 
Anodonta 
suborbiculata 
Flat Floater Centrarchids and Percids 231-237 323-328 320-328 Spade-shaped Spined 
  
Arcidens 
confragosus 
Rock-pocketbook Anguilla rostrata, Dorosoma cepedianum, Pomoxis annularis, 
Ambloplites rupestris, Aplodinotus grunniens, Ictalurus 
punctatus   
231-252 325-363 289-299 Subtriangular Spined 
  
Lasmigona 
complanata 
White Heelsplitter Cyprinus carpio, Lepomis, cyanellus, Micropterus salmoides, 
Pomoxis annularis  
195-208 289-296 293-310 Pear-shaped Spined 
  
Pyganodon 
grandis 
Giant Floater Lepisosteus spatula, L. osseus, Alosa chrysochloris, Dorosoma 
cepedianum, Cyprinus carpio, Rhinichthys atratulus, 
Margariscus margarita, Lythrurus umbratilis, Notropis 
heterodon, N. heterolepis, Campostoma anomalum, 
Pimpehales notatus, Notemigonus crysoleucas, Luxilus 
cornutus, Semotilus artromaculatus, Catostomus 
commersoni, Ameiurus natalis, A. nebulosus, Fundulus 
diaphanus, Labidesthes sicculus, Culaea inconstans, 
Ambloplites rupestris, Lepomis gibbosus, L. cyanellus, L. 
megalotis, L. macrochirus, Micropterus salmoides, Pomoxis 
nigromaculatus, P. annularis, Etheostoma exile, E. nigrum, E. 
caeruleum, Perca flavescens, Aplodinotus grunniens 
258 359 369 Spade-shaped Spined 
  
Strophitus 
undulatus 
Creeper Micropterus salmoides, Semotilus atromaculatus, Fundulus 
zebrinus, Lepomis cyanellus  
270-281 360-369 353-355 Spade-shaped Spined 
  
Utterbackia 
imbecillis 
Paper Pondshell Lepomis cyanellus, L. gulosus, L. macrochirus, L. gibbosus, L. 
marginatus, Semotilus atromaculatus, Fundulus diaphanus, 
Gambusia affinis, Ambloplites rupestris, Micropterus 
salmoides, Perca flavescens, Etheostomata lepidum  
240-256 291-313 289-306 Spade-shaped Spined 
*State-threatened                                                             ** References: Ohio State University host database: http://www.biosci.ohio-state.edu/~molluscs/OSUM2/ 
  
 
8 
Table 1: (Continued) 
Subfamily Species Common Name Known Host Species HL (µm) SL (µm) SH (µm) Shape Type 
Lampsilinae 
Glebula 
rotundata 
Round Pearlshell Lepisosteus oculatus, Cyprinus carpio, Moronr chrysops, 
Anchoa mitchilli, Trinectes maculatus, Lepomis cyanellus, 
L. macrochirus 
135-137 165-170 320-325 Depressed eliptical Hookless 
  Lampsilis hydiana 
Louisiana 
Fatmucket 
Ictalurus furcatus, I. punctatus,  Lepomis cyanellus 103 269 218 Spatulate Hookless 
  Lampsilis satura* 
Sandbank 
Pocketbook 
 Lepomis macrochirus Unknown Unknown Unknown Unknown Unknown 
  
Lampsili  teres Yellow Sandshell Lepisosteus osseus, L. platostomus, L. spatula, Lepomis 
cyanellus, L. humilis, L. gulosus, Micropterus salmoides, 
Pomoxis nigromaculatus, P. annularis, Scaphirhynchus 
platorynchus 
106 173 216 Subelliptical Hookless 
  Leptodea fragilis 
Fragile 
Papershell 
Aplodinotus grunniens  37 71 87 Subelliptical Hookless 
  Ligumia subrostrata 
Pond Mussel Lepomis cyanellus, L. humilis, L. macrochirus, Micropterus 
salmoides  
Unknown 270 330 Semi-elliptical Hookless 
  Obliquaria reflexa 
Threehorn 
Wartyback 
Ericymba buccata, Luxilus chrysocephalus, Rhinichthys 
cataractae 
108 191 203 Semicircular Hookless 
  
Obovaria 
jacksoniana* 
Southern 
Hickorynut 
Unknown 89-100 175-187 230-243 Subelliptical Hookless 
  
Potamilus 
amphichaenus* 
Texas 
Heelsplitter 
Unknown 40-41 111-113 170-171 Axe-head shaped Unknown 
  
Potamilus 
ohiensis 
Pink Papershell Aplodinotus grunniens, Pomoxis annularis 42-50 120-126 170-175 Axe-head shaped Unknown 
  
Potamilus 
purpuratus 
Bleufer Aplodinotus grunniens  105 193 343 Axe-head shaped Spined 
*State-threatened                                                             ** References: Ohio State University host database: http://www.biosci.ohio-state.edu/~molluscs/OSUM2/ 
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Table 1: (Continued) 
Subfamily Species Common Name Known Host Species HL (µm) SL (µm) SH (µm) Shape Type 
  
Toxolasma 
texasensis 
Texas Lilliput Lepomis gulosus, L. megalotis  115 174 194 Semicircular Unknown 
  
Truncilla 
donaciformis 
Fawnsfoot Aplodinotus grunnies, Stizostedion canadense  Unknown 60 63 Semicircular Hookless 
  
Truncilla 
truncata 
Deertoe Stizostedion canadense, Aplodinotus grunniens  Unknown 60 70 Semicircular Hookless 
  
Villosa 
lienosa 
Little Spectaclecase Ameiurus nebulosus, Ictalurus punctatus, Lepomis 
macrochirus, Macropterus salmoides 
103 196 275 Suboval Unknown 
*State-threatened                                                             ** References: Ohio State University host database: http://www.biosci.ohio-state.edu/~molluscs/OSUM2/ 
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Laboratory infestations can provide important knowledge about the complex 
relationships between fish and mussels, but the laboratory settings do not emulate natural 
ecological conditions.  Fish species deemed suitable hosts under the laboratory settings 
may not actually be a suitable host in the wild, because of factors such as differential 
habitat use and behavioral characteristics of both host fish and mussel (Martel and 
Lauzon-Guay, 2005).  In fact, Watters  and  O’Dee  (1998)  demonstrated  that  unionids  
endemic to North America were able to infest and metamorphose on non-native fish, such 
as goldfish (Carassius auratus), green swordtail (Xiphophorus hellerii), and guppies 
(Poecilia reticulata).  Classifying fish hosts as effective in the laboratory does not factor 
in the number of glochidia that infest a single fish in natural conditions, nor the 
abundance and proportion of fish parasitized in a given locality.  A laboratory study 
might suggest that a fish host is just marginally effective, but because of natural 
interactions,  its’  effectiveness  may  be  heavily underestimated.   
Fish may have the ability to develop an immunity to repeated glochidia 
infestations  (Watters  and  O’Dee, 1996), and this could cause problems in the laboratory 
setting, where suitable hosts could be deemed unsuitable or host effectiveness is 
inaccurately measured.  Some studies have used fish from areas devoid of mussels to 
avoid the problem of immunity (Neves et al., 1985).  However, Rogers et al. (2001) 
reported a significant difference in juvenile metamorphosis between fish obtained from a 
locality with a mussel species and fish obtained from a location without mussels, 
suggesting that co-adaptation between mussels and their hosts may occur in a natural 
setting.  Studies avoiding the problems associated with immunity by using fish from areas 
without mussels could mistakenly encounter problems associated with co-adaptation 
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instead.  Laboratory studies can be easily tested with some fish species, but not with all 
fish species co-occurring with mussels in the wild, such as some large long-lived fish. 
A new approach to host identification involves sampling naturally parasitized fish 
and identifying the encysted glochidia.  The significant advantage to a natural study is the 
ability to examine the complete fish and mussel community in a study area.  Fish 
sampling can cover a wide geographic space or be refined to a few sites, and is most 
successful when sampling throughout the gravid periods of mussel species of interest.  
Like laboratory trials, the host effectiveness can also be examined by measuring the 
prevalence and abundance of infestation for each fish species infested.  However, host 
status also needs to be verified under laboratory conditions considering unsuitable hosts 
are capable of carrying glochidia for a short time, prior to an immunological response.  A 
large advantage to sampling wild caught fish is that any glochidia found have naturally 
parasitized that fish, providing evidence that the fish species exhibits the behavioral 
characteristics needed to facilitate infestation.   
Natural studies can be useful for examining the true interactions between fish and 
mussels, but glochidia are sometimes difficult to identify to the species-level based on 
morphological characteristics alone.  Glochidia range in size from 50 to 500 micrometers, 
and while most species maintain their initial size, some can grow up to seven times while 
encysted on a host (Lefevre and Curtis, 1912; Kat, 1984).  Common features used in 
identification are length, hinge length, width, and shape (Kennedy and Haag, 2005).  
However, it can become even harder to obtain accurate measurements of these features 
when encysted glochidia are completely surrounded by host tissue.  Morphological 
identification of uninfested glochidia has yielded some success, (83% of glochidia 
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successfully identified), however, some species’  glochidia were only successfully 
identified at a rate of 55% (Culp et al., 2011).  While morphological features can be 
useful for some species, many cannot be identified past the appropriate genus.  A more 
recent approach bypasses this problem by using molecular tools to identify glochidia to a 
species (Gerke and Tiedemann, 2001; Kneeland and Rhymer, 2007; Boyer at al., 2011). 
Several works have successfully created molecular identification keys based on 
restriction fragment length polymorphisms (RFLPs) for unionids (White et al., 1996; 
Gerke and Tiedemann, 2001; Gustafson and Iwamoto, 2005; Kneeland and Rhymer, 
2008).  Although these keys have been successful, the RFLP approach has several 
limitations.  Creating keys for species-rich areas, such as East Texas, can be problematic 
because identifying unique digestion patterns for each species present can be difficult 
when closely related species share the same geographic range.  Also, a different key must 
be created for each study area because of differences in species assemblage.  For 
example, a key created for mussel species of East Texas is likely to be of little use 
elsewhere.  Therefore, a more appropriate approach for the identification of naturally 
parasitized glochidia is to use a sequence-based DNA barcoding dataset.   
DNA barcoding is a method of identifying species through differences in a short 
stretch of mitochondrial deoxyribonucleic acid (mtDNA).  This approach has been 
suggested to be useful across a wide range of organisms and easily conducted for a 
variety of studies (Herbert et al., 2003).  A barcoding locus is only useful when it shows 
clear separation between the distributions of intra- and interspecific distances (Meyer and 
Paulay, 2005).  This approach has been demonstrated in some other groups of benthic 
invertebrates, such as nematodes (Bhadury et al., 2006), mayflies (Ball et al., 2005), and 
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chironomid midges (Carew et al., 2007; Pfenninger et al., 2007).  DNA barcoding has 
been used to distinguish among mussel species in the genus Pleurobema, whose 
morphological features are difficult to differentiate species (Campbell et al., 2008).  DNA 
barcoding has even been used to confirm the presence of once thought to be extinct 
freshwater mussels from the Coosa River in Southeast United States (Campbell et al., 
2008).  Cytochrome oxidase c subunit I (CO1) is the proposed barcoding locus for 
animals; however, Boyer at al. (2011) indicated that nicotinamide adenine dinucleotide 
dehydrogenase 1 (ND1) is the superior barcoding region for unionids as there is higher 
interspecific variance in the ND1 gene, as compared with CO1 (Boyer et al., 2011). 
The ND1 sequence was implemented in this study as it has been extensively 
utilized in other unionid specific studies.  The primer pairs used were developed 
specifically for unionid species (Serb et al., 2003).  Considering the specificity of the 
primer sets and the low level of intraspecific variation with a wide range of interspecific 
variation found in unionids (Serb and Lydeard, 2003), the ND1 gene is efficient in 
separating mussels by species.  This gene sequence has been used to identify glochidia 
using RFLP analysis for ten mussel species within Maine (Kneeland and Rhymer, 2007).  
Creating restriction enzymes for 37 mussel species would be difficult and an inefficient 
use of time and resources, for this reason, a DNA barcoding approach was used by 
comparing the sequences of glochidia with a database of adult unionid sequences.   
The purpose of this study is to determine fish hosts utilized by the six state-
threatened mussels in the wild by developing a molecular identification dataset for the 
freshwater mussels of East Texas.  The ND1 molecular dataset was useful in identifying 
naturally encysted glochidia on fish sampled from the wild.  This can provide information 
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if hosts identified in the laboratory are used in natural populations, and also if additional 
hosts are used by East Texas freshwater mussels.  The ability to accurately identify 
glochidia of state-threatened species was the primary objective, but effort was also made 
to identify all species of glochidia from the sampling area. 
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Chapter Two 
Identification of Fish Hosts Utilized by East Texas Freshwater Mussels Using a 
Molecular Identification Dataset 
 
Introduction 
 The freshwater mussel fauna of North America is the richest of any continent, but 
over 70% of these organisms are listed as endangered, threatened, or species of special 
concern (Williams et al., 1993).  The imperilment of this group is strongly influenced by 
anthropogenic factors including habitat degradation, construction of dams, and 
introduction of exotic species, such as bivalves and fish (Layzer et al., 1993; McMurray 
et al., 1999; Haag, 2012).  Complicating the management of this group even further is the 
fact that life-history information is severally lacking for many species, as this information 
is critical in the conservation and recovery of freshwater mussels. 
 An important life-history trait unique to many freshwater mussels, is their unusual 
lifecycle, in which their larvae (glochidia) are obligate ectoparasites on fish hosts.  
Glochidia can only transform into juveniles on suitable host fish (Neves et al., 1985).  A 
common problem with the conservation of many imperiled species is the lack of host fish 
knowledge.  The co-evolutionary relationship between mussels and their host fish creates 
complications on the ability of mussels to reproduce successfully.  Fragmentation and 
habitat modification caused by dams inhibit fish movement, alter the fish community, and 
can ultimately displace essential host fish required for mussel recruitment.  The 
introduction of exotic fish species can negatively impact unionids through unsuccessful 
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infestations on non-suitable hosts.  Therefore, a complete understanding of fish host use 
is needed for an effective conservation plan. 
 Only a few studies have attempted to examine host use by sampling naturally 
parasitized fish and identifying the encysted glochidia through morphological features.  
When only one or a few mussel species are present in a locality, successful identification 
of glochidia with morphological characters has been possible (Stern and Felder, 1978; 
Trdan and Hoeh, 1982; Jansen, 1990; Hastie and Young, 2001; Martel and Lauzon-Guay, 
2005).  However, in more species rich communities, more complications arise.  Glochidia 
are usually not easily identified below the genus or subfamily level (Wiles, 1975; Zale 
and Neves, 1982; Bruenderman and Neves, 1993; Weiss and Layzer, 1995), and 
misidentification of glochidia can also occur (Hoggarth, 1992).  Glochidia sizes range 
from 50 to 500 µm, and small differences in morphological characteristics are difficult to 
detect for species identification. 
 Recently some works have attempted to create molecular identification keys to 
counter the difficulties in morphological identification of glochidia (White et al. 1996, 
Gerke and Tiedemann, 2001; Gustafson and Iwamoto, 2005; Kneeland and Rhymer, 
2007).  Although these keys have been useful, they rely on restriction fragment length 
polymorphisms (RFLPs) for identification, which can have some drawbacks.  Creating 
keys for species-rich areas, such as East Texas, can be very problematic because 
identifying unique digestion patterns for each species present can be difficult when 
closely related species share the same geographic range.  Also, a different key must be 
created for each study area because of differences in species assemblage.  A key created 
for mussel species of East Texas will be of little use elsewhere.  Therefore, a more 
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appropriate approach for the identification of naturally parasitized glochidia, is to use a 
sequence-based DNA barcoding dataset.  Boyer at al. (2011) used a DNA barcoding 
dataset to successfully identify naturally parasitized glochidia from a very diverse mussel 
bed. 
 The purpose of this study was to determine host fish for the six state-threatened 
mussel species located in East Texas by sampling naturally parasitized fish throughout 
the  mussels’  known  ranges.    A  molecular  identification dataset was used to aid in 
identification.  The goal was to not only examine previously identified fish hosts in 
natural conditions, but also to determine if additional hosts are used by East Texas 
mussels.  Fish were sampled at two sites from the Sabine River and Neches River 
drainages during the entire known gravid periods of mussels in the area.  Glochidia 
encysted on gills were identified with the molecular identification dataset.  Spatial 
differences in host use between the two rivers and any temporal differences in host use 
between sampling dates were also examined.  
Materials and Methods 
Tissue Sampling 
 Specimens for the 37 mussel species from the Neches River drainage and Red 
River drainage were previously collected for mussel survey studies in East Texas (Figure 
1; Ford, 2013) and deposited in the Ford lab at the University of Texas at Tyler.  Mussels 
were located by timed searches along the banks of rivers and streams.  The adductor 
muscles of each specimen were cut to prevent the mussel from closing shut, and then 
placed in 95% ethanol and returned to the laboratory.  Mussels were cleaned and
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Figure 1: Sampling locations for the 37 species of freshwater mussels used to create the molecular identification dataset. 
* Specimens previously collected by David Ford (2012).  ** Specimens previously collected by Dr. Neil Ford.
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approximately 15mg of tissue from the ventral margin of the mantle and the adductor 
muscles was kept to ensure there was adequate tissue for DNA sequencing. 
DNA Sequencing 
 DNA was extracted from adult mussel tissue using an Illustra tissue and cells 
genomicPrep mini spin kit (GE Healthcare, Buckinhamshire, UK) following the 
manufacturers protocol.  Genomic DNA was then resuspended in 100 µL of elution 
buffer and stored at -20o C until use in polymerase chain reactions (PCRs).  
Amplification of the mitochondrial (mtDNA) NADH dehydrogenase (ND1) gene was 
carried out using the primers Leu-uurF and LoGlyR (Serb et al. 2003).  Twenty µL PCR 
reactions were used for amplification and consisted of 7.1 µL H2O, 2.0 µL TopTaq PCR 
buffer (Qiagen), 0.4 µL dNTPs, 2.0 µL Coral Load (Qiagen), 4.0 µL Q-solution, 1.0 µL 
each 2- µmol primer, and 2.4 µL DNA (~200ng).  A negative control was included with 
each PCR.  Reactions were amplified with an Eppendorf Mastercycler gradient thermal 
cycler with a temperature controlled lid.  Reaction conditions for double-stranded 
amplification consisted of an initial denaturation at 94o C for 5m, followed by 30 cycles 
of 94o C for 45 s, 54o C for 60 s, and 72o C for 60 s, and a final extension of 72o C for 
5m.  PCR products were purified using an E.Z.N.A. cycle pure kit (Omega bio-tek, 
Norcross, GA) following the manufactures protocol and resuspended in 60 µL of sterile 
water.  Purified DNA was concentrated to the level recommended by Eurofins MWG 
Operon (20–40ng/µL) and shipped to Eurofins MWG Operon for sequencing reactions 
using BigDye Terminator v 3.1 Cycle Sequencing kits (Applied Biosystems).   
 Glochidia were processed with similar methods except for a few minor 
modifications.  For example, genomic DNA was extracted from a single glochidium 
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using an Illustra tissue and cells genomicPrep mini spin kit (GE Healthcare, 
Buckinhamshire, UK) with a slightly modified spin procedure.  Specifically, the amount 
of buffers and proteinase K used in each step was reduced by one half to avoid diluting of 
the genomic DNA (Kneeland and Rhymer 2006).  It was then resuspended in 75 µL of 
elution buffer.  The PCR mixture and thermocycler settings remained unchanged.  
Because of unwanted interference of fish DNA, a nested PCR approach was used for 
clear amplification of glochidia DNA.  The initial amplification was done using the 
primer pair Leu-uurF and LoGlyR (Serb et al., 2003), and then followed with a second 
amplification using Leu-uurF and NIJ.  Purification and sequencing followed the same 
protocol as the adult mussels. 
Development of ND1 Dataset 
 Fifty-eight sequences from mussel tissue collected in East Texas were combined 
with 122 sequences available on the National Center for Biotechnology Information 
database (http://www.ncbi.nlm.nih.gov), for a total of 180 sequences within the 37 
mussel species located in East Texas.  These sequences were used to develop the 
molecular identification dataset to easily identify naturally encysted glochidia.   
Field Sites 
 Fish sampling was conducted at one site at the Sabine River (HWY 14) and one 
site at the Neches River (HWY 294).  Sites were specifically selected where previous 
mussel surveys exhibited a high abundance and diversity of state-threatened species.  The 
Sabine site, for example, is inhabited by at least 13 species of freshwater mussel, 
including three state-threatened species (i.e., the Texas pigtoe, sandbank pocketbook, and 
Texas heelsplitter) found throughout the Sabine River drainage.  The Neches River site 
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was chosen to increase the probability of finding all six of the state-threatened species, 
which are all present within the Neches River drainage.  The continual sampling at one 
primary site is useful for determining true host infestations compared to accidental 
infestations that would eventually slough off fish.  It is also useful for determining 
spawning times for mussel species lacking life-history information. 
Sampling Methods 
The Sabine River site was sampled bimonthly from March to August of 2013.  
There is vast variability in spawning time between freshwater mussel species with some 
species becoming gravid early in the spring when the water begins to warm, while other 
species may not become gravid until late summer/early fall (Haag, 2012).  Gravid Texas 
pigtoes, triangle pigtoes, and Texas heelsplitters have been observed in July; gravid 
southern hickorynuts have been observed in late summer; gravid sandbank pocketbooks 
and Louisiana pigtoes are unreported (Howells et al., 1997).  Fish were sampled from the 
Sabine throughout the spring and summer months in an attempt to encompass all of the 
gravid months for each target species.  Sampling dates were spread relatively evenly in 
the Sabine River, (~ every 2 weeks), to examine for temporal variation in host use.  The 
Neches River site was only sampled once in June and once in August during the start and 
end of the mussel spawning season in an attempt to widen the diversity of glochidia 
captured. 
At both sampling sites, fish were captured at a large diverse mussel bed using two 
sampling methods: beach seining and electrofishing.  Sites were composed of many 
different habitats, such as riffles and pools, to increase the diversity of not only fish 
species captured but also mussel species present.  Standardized sampling conditions were 
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implemented in an effort to catch the same amount of fish each sampling date.  The 
conditions consisted of a three man sampling team, in a 150m river reach, for one hour on 
each date.  Fish were sampled from a variety of species and sizes, to examine for fish 
hosts with varying microhabitat use and behavioral characteristics.  A bag seine 
measuring 7.5m long was used throughout the river sites to capture sunfish, minnows, 
darters, and juveniles/young of the year of various species.  A Halltech Aquatic Research 
INC. HT-2000 backpack electrofisher followed by the bag seine was used throughout the 
entire river to optimize the diversity of fish species captured.   
Fish species were identified in the field, sacrificed with a lethal dose of tricaine 
methanesulfonate (MS-222; 200mg/L), and preserved in 95% ethanol.  Because fish 
larger than 15cm were too large to return to the laboratory, such specimens received a 
lethal dose of MS-222 and their gills and fins were subsequently removed in the field to 
be processed later.  An attempt was made to visualize encysted glochidia in the field but 
was unsuccessful; therefore, all fish were kept for processing to ensure accurate 
infestation rates.  All fish were examined to investigate host effectiveness for each 
species.  Fish were returned to the lab for examination of gills and fins under either a 
compound light microscope or a dissecting microscope.  Fins were cut from fish and 
examined under a dissecting microscope.  Gills were excised from fish and examined for 
glochidia under a compound light microscope with the addition of 2% KOH, which aided 
in the visualization of encysted glochidia.  Individual glochidia were removed with 
dissecting probes, and an effort was made to minimize the amount of gill tissue attached 
to the glochidia.  Individual glochidia were preserved in 95% ethanol and kept at -20o C 
until needed for DNA extractions.  
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Results 
Development of Molecular Dataset 
Alignment of the ND1 gene yielded 950 bp of usable sequence for interspecific 
and intraspecific comparisons.  Intraspecific variation was low for all species.  There 
were only four variable sites (0.4% divergence) among F. askewi sequences, four 
variable sites (0.4% divergence) among F. lananensis sequences, and zero variable sites 
between pairs of O. jacksoniana and P. amphichaenus.  The number of variable sites 
among the sequences for the other 31 mussel species in East Texas ranged from zero in 
Lasmigona complanata to 17 (1.7% divergence) in Pyganodon grandis. 
Interspecific variation was high between most species (Table 2), allowing for easy 
species identification with just one gene.  For example, two closely related species that 
are thought to hybridize, (i.e. P. amphichaenus and P. ohiensis) only had an 86% identity 
score for the ND1 gene.  However, the variation in ND1 between F. askewi and F. 
lananensis was < 1.0%, causing problems in separating the two species.  Other genes 
were examined for greater variation between the two species (COI and ITS), but also 
were too low to successfully differentiate the two (Burlakova, 2012).  Although the two 
species cannot be separately distinguished with analysis of various gene sequences, they 
do not co-occur in the same localities and even differ among the river drainages in which 
they are distributed (Ford, 2012).   
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Table 2: Percent identification of the ND1 gene of East Texas Unionidae.  A phylogenetic tree was created using the ND1 gene from each Unionidae 
species in this study.  From this tree phylogenetic distances were calculated to determine interspecific variation. 
 
 
F_lananensis 
F_askew
i 
F_flava 
Q
_pustulosa 
Q
_m
ortoni 
A_plicata 
M
_nervosa 
P_dom
beyanus 
P_riddellii 
Q
_apiculata 
Q
_nobilis 
Q
_quadrula 
Q
_verrucosa 
U
_declivis 
U
_tetralasm
us 
A_confragosus 
S_undulatus 
U
_im
becillis 
F_lananensis  99.1 91.8 76.2 76.3 78.9 77.1 77.2 91.6 76 79.7 80.8 71.5 81.3 75.6 70 76.3 70.8 
F_askewi 99.1  90.3 75.6 75 77.5 77.1 75.8 91.2 74.8 79.6 80.8 71.6 81.2 75 69.5 76.3 70.6 
F_flava 91.8 90.3  76.5 76 79.8 77 77.7 87.9 75.3 79.8 81.3 71.7 80.7 75.1 69.5 77.5 71.5 
Q_pustulosa 76.2 75.6 76.5  96 75.7 77.7 75.5 78.1 82.5 88.1 89.3 80.7 79.5 78.8 70.9 74.8 72.4 
Q_mortoni 76.3 75 76 96  75.1 77.8 75 75.5 82.1 88.1 89.3 80.9 79.5 78.3 71 74.8 72.4 
A_plicata 78.9 77.5 79.8 75.7 75.1  76.5 77.2 79.5 74.4 80.6 80.1 70.7 80.5 73.5 69.2 73.4 69.2 
M_nervosa 77.1 77.1 77 77.7 77.8 76.5  74.9 75.7 75.1 80.1 80.3 74.1 78.7 77.7 71.1 76.7 70.6 
P_dombeyanus 77.2 75.8 77.7 75.5 75 77.2 74.9  75.2 74.1 80 80.6 72 77.5 74 68.4 76.1 70.4 
P_riddellii 91.6 91.2 87.9 78.1 75.5 79.5 75.7 75.2  74.9 75.6 76.6 69.4 75.4 70.8 68.2 75.1 68 
Q_apiculata 76 74.8 75.3 82.5 82.1 74.4 75.1 74.1 74.9  88.3 97.2 78.3 78.8 74.4 70.4 77.2 70.8 
Q_nobilis 79.7 79.6 79.8 88.1 88.1 80.6 80.1 80 75.6 88.3  88.4 87 83.2 82.1 77 74.8 73 
Q_quadrula 80.8 80.8 81.3 89.3 89.3 80.1 80.3 80.6 76.6 97.2 88.4  85.5 79.9 80.3 77.2 76.9 74.9 
Q_verrucosa 71.5 71.6 71.7 80.7 80.9 70.7 74.1 72 69.4 78.3 87 85.5  77 74 67.4 72.6 67.8 
U_declivis 81.3 81.2 80.7 79.5 79.5 80.5 78.7 77.5 75.4 78.8 83.2 79.9 77  91.3 75.2 74.9 73.9 
U_tetralasmus 75.6 75 75.1 78.8 78.3 73.5 77.7 74 70.8 74.4 82.1 80.3 74 91.3  69.7 75.3 69.8 
A_confragosus 70 69.5 69.5 70.9 71 69.2 71.1 68.4 68.2 70.4 77 77.2 67.4 75.2 69.7  81.3 77.7 
S_undulatus 76.3 76.3 77.5 74.8 74.8 73.4 76.7 76.1 75.1 77.2 74.8 76.9 72.6 74.9 75.3 81.3  81.1 
U_imbecillis 70.8 70.6 71.5 72.4 72.4 69.2 70.6 70.4 68 70.8 73 74.9 67.8 73.9 69.8 77.7 81.1  
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Table 2: (Continued) 
 
G_rotundata 
L_hydiana 
L_teres 
L_fragilis 
L_subrostrata 
O
_reflexa 
O
_jacksoniana 
P_am
phichaenus 
P_ohiensis 
P_purpuratus 
T_texasensis 
T_parvus 
T_donaciform
is 
T_truncata 
V_lienosa 
L_com
planata 
P_grandis 
L_satura 
A_suborbiculata 
F_lananensis 74.8 77 75.3 78 80 75.9 75.5 73.7 74.7 76.7 78.9 80.6 81.4 76.1 77.5 76.2 69.6 76.4 69 
F_askewi 74.9 76.7 74.1 76.6 80 74.9 74.2 72.4 73.2 74.9 77.8 80.5 81.2 74.8 76.4 76 68.8 75.3 68.7 
F_flava 75.5 77.1 75.3 77.4 80.1 76.8 74 73.6 73.4 75.9 79.1 80.3 81 75.1 77 76 68.6 75.6 69 
Q_pustulosa 75.8 74.2 74 75.8 79.1 74 75 71.8 71.6 74.6 75.7 79.5 78.7 75 75.5 77.8 70.8 74.2 69.8 
Q_mortoni 75.8 74.1 73.7 75.6 79.1 73.6 74.5 71.1 71.3 74.2 75.5 79.5 78.7 74.6 75 77.8 70.6 73.8 70 
A_plicata 77 75.4 75.1 77 80.6 75.5 74.9 73.7 73.8 76.5 78.2 80.7 79.4 74.7 76.6 74.4 69.1 75.1 66.9 
M_nervosa 74.4 73.4 73.4 76.4 79.4 74.9 75.7 72.9 73.2 76.5 75.1 78.7 78 74.2 74.3 76.2 70.4 74.3 70 
P_dombeyanus 76 75.3 73.7 76.5 81.4 74.3 75.7 74.2 73.4 77 76.3 79.7 79.9 74.1 76.5 74.4 68.7 74.3 68.6 
P_riddellii 74.2 77 73 81.1 81.2 72.7 76.1 74 76.2 79.9 74 78.5 78.8 73.1 74.8 73.8 67.8 75 67.3 
Q_apiculata 74.5 72.5 71.9 73 79.6 70.6 72.5 69 69.6 72.1 75.5 78.8 78.5 72.5 74.2 78.1 69.3 74 69.9 
Q_nobilis 79.4 79.5 79.8 80.6 81.4 79.4 79.1 75.7 76.3 79.3 82.4 79.2 79.5 78.7 81.2 77.9 75.8 81.3 74.7 
Q_quadrula 81.7 79.1 78.4 81.5 78.3 76.8 79.2 76.6 77.6 79.1 82.1 79.9 78.7 79.4 80.1 77.1 77.8 80.8 76.6 
Q_verrucosa 71.6 71.9 71.5 72.4 78.1 71.3 72.7 70.8 69.8 73 72.6 76 75 70.6 72.9 75.3 67.6 72.5 67.2 
U_declivis 75 76.4 74.8 78.1 77.2 76.3 77 75.4 74.9 78.8 76.5 76.7 78.1 76.7 78 71.8 71.6 77.7 71.3 
U_tetralasmus 74.3 73.1 73.3 75.3 80.4 74.6 72.9 72.4 71 75.5 74.8 79.5 79.2 73.1 74.3 75.2 69.9 73.5 67.8 
A_confragosus 70.2 69 68.2 70.4 76.5 69.6 71.1 68.3 68.7 69.3 70.6 75.2 75.7 69.7 70.7 92.6 76.3 69.4 77.6 
S_undulatus 73.8 75.3 72.9 75.8 73.4 74.6 77.3 75.1 76.3 76.1 73.6 75.3 75 75.5 72.9 82.5 80 75.6 80.4 
U_imbecillis 69.3 70.7 69.4 71.4 72.9 70.2 72.3 69.1 69.9 69.6 71.6 72.6 75.7 70.4 70.3 83.9 78.5 71.3 77.4 
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Table 2: (Continued) 
 
F_lananensis 
F_askew
i 
F_flava 
Q
_pustulosa 
Q
_m
ortoni 
A_plicata 
M
_nervosa 
P_dom
beyanus 
P_riddellii 
Q
_apiculata 
Q
_nobilis 
Q
_quadrula 
Q
_verrucosa 
U
_declivis 
U
_tetralasm
us 
A_confragosus 
S_undulatus 
U
_im
becillis 
G_rotundata 74.8 74.9 75.5 75.8 75.8 77 74.4 76 74.2 74.5 79.4 81.7 71.6 75 74.3 70.2 73.8 69.3 
L_hydiana 77 76.7 77.1 74.2 74.1 75.4 73.4 75.3 77 72.5 79.5 79.1 71.9 76.4 73.1 69 75.3 70.7 
L_teres 75.3 74.1 75.3 74 73.7 75.1 73.4 73.7 73 71.9 79.8 78.4 71.5 74.8 73.3 68.2 72.9 69.4 
L_fragilis 78 76.6 77.4 75.8 75.6 77 76.4 76.5 81.1 73 80.6 81.5 72.4 78.1 75.3 70.4 75.8 71.4 
L_subrostrata 80 80 80.1 79.1 79.1 80.6 79.4 81.4 81.2 79.6 81.4 78.3 78.1 77.2 80.4 76.5 73.4 72.9 
O_reflexa 75.9 74.9 76.8 74 73.6 75.5 74.9 74.3 72.7 70.6 79.4 76.8 71.3 76.3 74.6 69.6 74.6 70.2 
O_jacksoniana 75.5 74.2 74 75 74.5 74.9 75.7 75.7 76.1 72.5 79.1 79.2 72.7 77 72.9 71.1 77.3 72.3 
P_amphichaenus 73.7 72.4 73.6 71.8 71.1 73.7 72.9 74.2 74 69 75.7 76.6 70.8 75.4 72.4 68.3 75.1 69.1 
P_ohiensis 74.7 73.2 73.4 71.6 71.3 73.8 73.2 73.4 76.2 69.6 76.3 77.6 69.8 74.9 71 68.7 76.3 69.9 
P_purpuratus 76.7 74.9 75.9 74.6 74.2 76.5 76.5 77 79.9 72.1 79.3 79.1 73 78.8 75.5 69.3 76.1 69.6 
T_texasensis 78.9 77.8 79.1 75.7 75.5 78.2 75.1 76.3 74 75.5 82.4 82.1 72.6 76.5 74.8 70.6 73.6 71.6 
T_parvus 80.6 80.5 80.3 79.5 79.5 80.7 78.7 79.7 78.5 78.8 79.2 79.9 76 76.7 79.5 75.2 75.3 72.6 
T_donaciformis 81.4 81.2 81 78.7 78.7 79.4 78 79.9 78.8 78.5 79.5 78.7 75 78.1 79.2 75.7 75 75.7 
T_truncata 76.1 74.8 75.1 75 74.6 74.7 74.2 74.1 73.1 72.5 78.7 79.4 70.6 76.7 73.1 69.7 75.5 70.4 
V_lienosa 77.5 76.4 77 75.5 75 76.6 74.3 76.5 74.8 74.2 81.2 80.1 72.9 78 74.3 70.7 72.9 70.3 
L_complanata 76.2 76 76 77.8 77.8 74.4 76.2 74.4 73.8 78.1 77.9 77.1 75.3 71.8 75.2 92.6 82.5 83.9 
P_grandis 69.6 68.8 68.6 70.8 70.6 69.1 70.4 68.7 67.8 69.3 75.8 77.8 67.6 71.6 69.9 76.3 80 78.5 
L_satura 76.4 75.3 75.6 74.2 73.8 75.1 74.3 74.3 75 74 81.3 80.8 72.5 77.7 73.5 69.4 75.6 71.3 
A_suborbiculata 69 68.7 69 69.8 70 66.9 70 68.6 67.3 69.9 74.7 76.6 67.2 71.3 67.8 77.6 80.4 77.4 
 
 
  
 
27 
Table 2: (Continued) 
 
G_rotundata 
L_hydiana 
L_teres 
L_fragilis 
L_subrostrata 
O
_reflexa 
O
_jacksoniana 
P_am
phichaenus 
P_ohiensis 
P_purpuratus 
T_texasensis 
T_parvus 
T_donaciform
is 
T_truncata 
V_lienosa 
L_com
planata 
P_grandis 
L_satura 
A_suborbiculata 
G_rotundata 76.8 74.6 78 80.9 76.1 75.9 74.1 75.1 78 77.2 80.2 78.4 74.6 76.3 74.6 69.7 76.7 69.1 
L_hydiana 76.8  80.7 80 85.9 76.5 83.1 76.9 78 80 78.6 80.4 83.1 78.3 82.6 76.2 68.8 83.3 69 
L_teres 74.6 80.7  78.1 82.7 75.9 79.1 74 73.2 76.4 75.1 77.9 83.2 76.7 79.5 75.3 66.6 79.3 68.3 
L_fragilis 78 80 78.1  83.7 76.5 79.1 82.5 80.8 83.9 78.4 81.7 84.1 77.2 79.5 75 69 79 69.4 
L_subrostrata 80.9 85.9 82.7 83.7  80.5 84.6 81 81.2 85 83.1 82 80.2 81.7 85.6 76.5 75.1 84.9 74.2 
O_reflexa 76.1 76.5 75.9 76.5 80.5  74.8 73.5 73.5 76.6 77.8 80.9 79.5 74.2 76 74.1 67.2 77.1 68.2 
O_jacksoniana 75.9 83.1 79.1 79.1 84.6 74.8  76.7 76.5 77.9 76 79.5 83.8 77.4 80.5 76.8 68.7 80.9 70.4 
P_amphichaenus 74.1 76.9 74 82.5 81 73.5 76.7  86.2 81 74.9 78 78.8 73 74.6 73.9 67.8 75 67.7 
P_ohiensis 75.1 78 73.2 80.8 81.2 73.5 76.5 86.2  80.6 74.3 78.3 79.9 73.5 75.8 74.7 67.5 75.3 68 
P_purpuratus 78 80 76.4 83.9 85 76.6 77.9 81 80.6  77 80.4 83.6 75.5 77.7 74.6 68.4 77.9 70 
T_texasensis 77.2 78.6 75.1 78.4 83.1 77.8 76 74.9 74.3 77  82.4 79.9 75.1 76.9 76.5 69.2 76.2 68.5 
T_parvus 80.2 80.4 77.9 81.7 82 80.9 79.5 78 78.3 80.4 82.4  80.4 79.2 81.6 76 74.3 80.3 73.2 
T_donaciformis 78.4 83.1 83.2 84.1 80.2 79.5 83.8 78.8 79.9 83.6 79.9 80.4  94.6 84.3 76.2 75.8 84.3 75.6 
T_truncata 74.6 78.3 76.7 77.2 81.7 74.2 77.4 73 73.5 75.5 75.1 79.2 94.6  78 75.5 68.6 78.1 69.2 
V_lienosa 76.3 82.6 79.5 79.5 85.6 76 80.5 74.6 75.8 77.7 76.9 81.6 84.3 78  76.7 68 82.7 69.2 
L_complanata 74.6 76.2 75.3 75 76.5 74.1 76.8 73.9 74.7 74.6 76.5 76 76.2 75.5 76.7  83.9 75.7 84.2 
P_grandis 69.7 68.8 66.6 69 75.1 67.2 68.7 67.8 67.5 68.4 69.2 74.3 75.8 68.6 68 83.9  68.5 75.6 
L_satura 76.7 83.3 79.3 79 84.9 77.1 80.9 75 75.3 77.9 76.2 80.3 84.3 78.1 82.7 75.7 68.5  69.9 
A_suborbiculata 69.1 69 68.3 69.4 74.2 68.2 70.4 67.7 68 70 68.5 73.2 75.6 69.2 69.2 84.2 75.6 69.9  
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Prevalence and Abundance of Glochidia Infestation on Wild-Caught Fish 
A total of 1566 fish representing 43 species were captured and examined for the 
presence of glochidia from the Sabine River, whereas 142 fish representing 13 species 
were collected and examined from the Neches River.  Based on laboratory examination, 
578 fish (37%) representing 23 species were infested with one or more glochidia from the 
Sabine River (Table 3); and 87 fish (61%) representing 7 species were infested with one 
or more glochidia from the Neches River (Table 4).  Infestation prevalence and intensity 
were highly variable among species and ranged from 0% to 100%.  Among species 
captured  from  the  Sabine  River  most  often  (≥20  fish  examined),  blacktail  shiner  
(Cyprinella venusta) was parasitized most frequently (72%) and was often heavily 
parasitized (18%  with  ≥20  encysted  glochidia).    Red  shiner  (Cyprinella lutrensis) was 
similarly infested (64%), but tended to be more heavily  parasitized  (22%  with  ≥20  
encysted  glochidia).    Among  the  remaining  species  where  ≥20  individuals  were  
examined, infestation rates ranged from 8% in the western mosquito fish (Gambusia 
affinis) to 36% in dusky darters (Percina sciera).  Excluding blacktail shiners and red 
shiners, only 3 of the remaining 142 fish were heavily infested with glochidia.  Similar 
infestation rates were seen in red shiners and blacktail shiners from the Neches River 
(81% and 75% respectively).  Glochidia were mostly encysted on fish from the family 
Cyprinidae, where red shiners, blacktail shiners, and bullhead minnows were infested 
with 96% of the glochidia examined (n=7266). 
For the entire sampling period in the Sabine River a total of 6721 glochidia were 
found.  The Sabine River sampling dates were compared to obtain a better understanding 
of variation in glochidia abundance and host use (Figure 2). The greatest glochidia  
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Table 3: Fish species captured from Sabine River found to be encysted with glochidia.  Fish were examined 
for glochidia bimonthly from March to August of 2013. 
 
  Fish Species 
Caught 
(n) 
Infested 
(n) 
Infested 
(%) 
% Infested 
with  ≥20 
glochidia 
Glochidia 
(n) 
Clupeidae Dorosoma cepedianum 25 6 24.0 - 16 
Cyprinidae Cyprinella lutrensis 632 404 63.9 22.0 5700 
 Cyprinella venusta 46 33 71.7 18.2 392 
 Hybopsis amnis 8 1 12.5 - 1 
 Notemigonus crysoleucas 9 3 33.3 - 17 
 Notropis texanus 3 2 66.7 - 3 
 Pimephales promelas 7 1 14.3 - 1 
 Pimephales vigilax 356 49 13.8 4.1 358 
Ictaluridae Ictalurus punctatus 17 7 41.2 - 32 
 Noturus nocturnus 34 5 14.7 - 8 
Escocidae Esox americanus 3 1 33.3 - 2 
Aphredoderidae Aphredoderus sayanus 19 1 5.3 - 1 
Atherinidae Labidesthes sicculus 1 1 100.0 - 1 
Poeciliidae Gambusia affinis 36 3 8.3 - 3 
Fundulidae Fundulus notatus 39 4 10.3 - 11 
Centrarchidae Lepomis macrochirus 41 9 22.0 - 17 
 Lepomis megalotis 147 25 17.0 4.0 109 
 Micropterus punctulatus 15 5 33.3 - 7 
 Micropterus salmoides 11 2 18.2 - 2 
Percidae Etheostoma asprigene 12 3 25.0 - 4 
 Etheostoma gracile 5 1 20.0 - 1 
 Percina sciera 31 11 35.5 - 33 
Sciaenidae Aplodinotus grunniens 4 1 25.0 - 1 
________________________________________________________________________ 
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Table 4: Fish species captured from Neches River found to be encysted with glochidia.  Fish were 
examined for glochidia once in June and once in August of 2013. 
 
  Fish species 
Caught 
(n) 
Infested 
(n) 
Infested 
(%) 
% Infested 
with  ≥20  
glochidia 
Glochidia 
(n) 
Clupeidae Dorosoma cepedianum 2 0 0 - 0 
Cyprinidae Cyprinella lutrensis 59 48 81.4 20.8 540 
  Cyprinella venusta 24 18 75 5.6 212 
  Cyprinus carpio 1 0 0 - 0 
  Macrhybopsis hyostoma 2 0 0 - 0 
  Pimephales vigilax 38 17 44.7 5.9 64 
Ictaluridae Ictalurus punctatus 1 1 100 - 1 
  Noturus nocturnus 1 0 0 - 0 
Centrarchidae Lepomis cyanellus 2 0 0 - 0 
  Lepomis macrochirus 4 2 50 - 1 
  Lepomis megalotis 5 1 20 - 3 
Percidae Etheostoma asprigene 2 0 0 - 0 
Sciaenidae Aplodinotus grunniens 1 1 100 - 3 
_______________________________________________________________________ 
 
 
 
abundance throughout the field season occurred in two large spikes on three sampling 
dates.  The first spike occurred on May 14th, where 1709 (25% of total captured 
glochidia) were found.  The glochidia captured fell by a third for the next sampling date.  
The second spike occurred on June 11th and continued through June 25th.  The second 
spike lasted through two sampling dates and totaled 2664 (30%) captured glochidia.  The 
other nine sampling dates examined had significantly less glochidia and ranged from 29 
(0.4%) to 695 (10%) glochidia.  The highest percent of infested fish and largest number 
of infested fish species occurred on the three dates where the greatest number of 
glochidia were found.  
Eight hundred and twenty-four glochidia were captured for two sampling dates in 
the Neches River.  These two dates occurred close to two dates from the Sabine River,  
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Figure 2: Glochidia abundance found on each sampling date from the Sabine River. Fish were examined for 
glochidia bimonthly from March to August of 2013.  There were two large spikes of glochidia abundance, 
the first occurring in early May and the second occurring in early June. 
 
and these data can be compared for any spatial variation in glochidia abundance or host 
use.  The Neches River was found to have lower abundance of glochidia on both 
sampling dates when compared with the Sabine River, however, both rivers followed a 
similar trend.  The early June sampling dates yielded significantly greater numbers of 
glochidia than the August sampling dates (Neches River 767:57, Sabine River 1376:187).  
Fish that were found to have greater than 20 infested individuals throughout the 
entire sampling season at the Sabine River were measured and examined for trends in 
infestation rate and length.  Only four fish species had greater than 20 infested 
individuals (i.e., red shiner, blacktail shiner, bullhead minnow, and longear sunfish).  
Blacktail shiner and longear sunfish were not found to express a significant correlation 
between body length and infestation rate (p=0.13, n=13; p=0.96, n=14, respectively).  
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Red shiner and bullhead minnow, however, exhibited statistically significant correlations 
between fish length and infestation rate, with each following a similar trend (Figure 3, 
Figure 4).  Specifically, a correlation indicated an increase in infestation rate when fish 
length increased for both red shiners (p<0.0001, r=0.90, n=14) and bullhead minnows 
(p=0.007, r=0.62, n=17). 
 
Figure 3: A correlation scatter plot examining the relationship between body length and infestation rate in 
red shiner (Cyprinella lutrensis).  Red shiners were found to be heavily infested and carried 79% (5700) of 
the glochidia found.  A significant correlation was found in which larger fish were more likely to be 
infested (p<0.0001, r=0.90). 
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Figure 4: A correlation scatter plot examining the relationship between body length and infestation rate in 
bullhead minnow (Pimephales vigilax).  Bullhead minnows were found to be heavily infested and carried 
glochidia of two state-threatened species (Fusconaia askewi, Pleurobema riddellii).  A significant 
correlation was found in which larger fish were more likely to be infested (p=0.007, r=0.62). 
 
 
Laboratory Identification of Glochidia 
 Considering 7545 glochidia were recovered over the sampling period there was 
not enough resources to sequence each individual glochidia.  Therefore, glochidia were 
systematically grouped by four categories.  They were first split by the river drainage in 
which the fish were captured (Sabine vs. Neches).  Then they were divided by the 
sampling date in which they were found to account for temporal changes in host use.  To 
investigate each potential species of host fish, glochidia were then grouped by the fish 
species they were encysted on.  Lastly, glochidia were grouped into size and shape 
classes in an effort to sample every mussel species captured.  Multiple glochidia were 
randomly selected from each group for sequencing.  When fish were infested with more 
than one glochidia that were all morphologically similar, only one was chosen for 
sequencing.  As a result 151 out of 7545 glochidia were successfully sequenced from 20 
of 23 infested species.  DNA could not be extracted and amplified for sequence data from 
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glochidia attached to brook silverside (Labidesthes sicculus), pirate perch (Aphredoderus 
sayanus), or slough darter (Etheostoma gracile). 
A total of 190 glochidia were processed for sequencing and 151 (79%) were 
successfully amplified and identified to species (Table 5).  From the Sabine River, F. 
askewi, one of the species of interest, was by far the most common species identified, 
comprising about 87% (n=104) of identified glochidia.  Five other species were identified 
from encysted glochidia in the Sabine River.  Fusconaia askewi also comprised the 
majority of the glochidia identified from the Neches River (68%, n=21).  Most 
importantly, P. riddellii glochidia, another target species, was also successfully identified 
in samples collected from the Neches River (19%, n=5).  No other state-threatened 
mussel species were identified from the remaining glochidia. 
Potential New Host Fish for F. askewi 
 No previous studies have investigated the potential fish hosts used by F. askewi.  
One hundred and four F. askewi glochidia were successfully identified on 17 of the 23 
fish species infested from the Sabine River.  Because of the close relationship, these 
glochidia were identified as either F. askewi or F. lananensis with the genetic dataset.  
However, only F. askewi is located within the Sabine River drainage.  Therefore, with the 
genetic sequence and locality of sampling, the species of mussel was easily determined.  
Most fish were infested with more than one glochidia, and these fish most likely carried 
many more F. askewi glochidia than were processed for identification.  The majority of 
the F. askewi were encysted on red shiners (49%, n=52).  Of the 17 fish species, only 
four had greater than five identified F. askewi glochidia (red shiner, blacktail shiner, 
bullhead minnow, and longear sunfish).  Fusconaia askewi glochidia were found 
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Table 5: Number of glochidia of each mussel species identified from naturally parasitized fish.  These glochidia were found throughout the sampling season and 
from both the Neches and Sabine Rivers. 
 
  
 
Fish species 
Fish 
infected 
(n) 
Glochidia 
encysted 
(n) 
F. 
askewi 
(# fish) 
P. 
riddellii 
(# fish) 
A. 
plicata 
(# fish) 
P. 
dombeyanus 
(# fish) 
P. 
purpuratus 
(# fish) 
Q. 
mortoni 
(# fish) 
Q. 
verrucosa 
(# fish) 
T. 
truncata 
(# fish) 
Clupeidae  Dorosoma cepedianum 6 16 1 (1) - - - - 1 (1) - - 
Cyprinidae 
 
Cyprinella lutrensis 452 6240 61 (57) 4 (3) 3 (3) 3 (3) 3 (1) 1 (1) - - 
  
 
Cyprinella venusta 51 604 20 (16) - 1 (1) - - - - - 
  
 
Hybopsis amnis 1 1 1 (1) - - - - - - - 
  
 
Notemigonus crysoleucas 3 17 2 (2) - - - - - - - 
  
 
Notropis texanus 2 3 1 (1) - - - - - 1 (1) - 
  
 
Pimephales promelas 1 1 1 (1) - - - - - - - 
  
 
Pimephales vigilax 66 422 14 (13) 1 (1) - - - - - - 
Ictaluridae 
 
Ictalurus punctatus 8 33 2 (2) - - - - - - - 
  
 
Noturus nocturnus 5 8 1 (1) - - - - - - - 
Escocidae 
 
Esox americanus 1 2 1 (1) - - - - - - - 
Aphredoderidae 
 
Aphredoderus sayanus 1 1 - - - - - - - - 
Atherinidae 
 
Labidesthes sicculus 1 1 - - - - - - - - 
Poeciliidae 
 
Gambusia affinis 3 3 1 (1) - - - - - 1 (1) - 
Fundulidae 
 
Fundulus notatus 4 11 3 (3) - - 1 (1) - - - - 
Centrarchidae 
 
Lepomis macrochirus 10 18 3 (3) - - - - - - - 
  
 
Lepomis megalotis 26 112 6 (6) - 1 (1) - - 1 (1) - - 
  
 
Micropterus punctulatus 5 7 4 (3) - - - - 1 (1) - - 
  
 
Micropterus salmoides 2 2 - - - - - 1 (1) - - 
Percidae 
 
Etheostoma asprigene 3 4 - - - - - - 1 (1) - 
  
 
Etheostoma gracile 1 1 - - - - - - - - 
  
 
Percina sciera 11 33 3 (3) - - - - - - - 
Sciaenidae 
 
Aplodinotus grunniens 2 5 - - - - - - - 1 (1) 
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Figure 5: Seasonal change in glochidia diversity in the Sabine River.  This information is useful in 
determining the approximate release date and encystment length for each species identified.   Fusconaia 
askewi was found during the entire sampling season and was found in two large spikes, possibly coinciding 
with two major release events. 
 
throughout the entire sampling season starting in March and ending in August.  
Fusconaia askewi glochidia host use was evenly distributed by sampling date, with an 
average of five host fish bimonthly. 
 A Fusconaia species was also identified from 21 glochidia encysted on fish gills 
from the Neches River.  These glochidia were identified as either F. askewi or F. 
lananensis with the molecular identification dataset, and both species are present 
throughout the Neches River drainage.  However, the two species do not co-occur and 
extensive surveys have revealed an abundant F. askewi mussel bed at the sampling site 
(Ford, 2013).  These glochidia were identified on four fish species, all of which were also 
infested with F. askewi in the Sabine River.  The sampling dates in June and August from 
the Neches River both had successfully identified glochidia as Fusconaia. 
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Potential New Host Fish for P. riddellii 
 No previous studies have investigated the potential fish hosts used by P. riddellii.  
Five glochidia from the Neches River on June 5th, 2013 were successfully identified as P. 
riddellii.  These glochidia were encysted on the gills of three red shiners and one bullhead 
minnow.  Most fish were infested with more than one glochidia, and it is likely that most 
fish, if not all, carried many more P. riddellii glochidia than were processed for 
identification.  No P. riddellii were identified from the Sabine River or the August 
sampling date in the Neches River. 
Confirmed and Potential New Host Fish for the Remaining Species Identified 
 New potential hosts were identified for Amblema plicata (threeridge).  Glochidia 
were identified on fish from the Neches River during initial sampling on June 5th, 2013.  
Five A. plicata glochidia were identified on three potential new hosts (red shiner, 
blacktail shiner, and longear sunfish).  No previously laboratory identified host fish were 
encysted with A. plicata glochidia.  Red shiner had the greatest number of encysted A. 
plicata, (n=3), while blacktail shiner and longear sunfish each only had one fish infested.  
Although only five glochidia were identified, each of the five infested fish were heavily 
infested and possibly carried more A. implicata glochidia. 
 No previous studies have identified any potential fish hosts used for Quadrula 
mortoni (western pimpleback).  Glochidia were identified as Q. mortoni on five fish 
species from the Sabine River during only one of the sampling periods (June 14th).  Only 
one glochidia was identified as Q. mortoni on each of the five fish species infested.  All 
five fish had low levels of infestation, with less than three encysted glochidia.  The 
spotted bass infested with a Q. mortoni was also infested with F. askewi.  Quadrula 
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mortoni was the only glochidia identified on largemouth bass (Micropterus salmoides) 
during the entire sampling period. 
 Previous studies have identified Quadrula verrucosa (pistolgrip) to be capable of 
metamorphosis on yellow bullhead (Ameiurus natalis) and on flathead catfish (Pylodictus 
olivaris) (Hove et al., 2004).  Although flathead catfish were captured in this study, none 
were infested with glochidia.  However, three new potential hosts were identified for Q. 
verrucosa.  Two glochidia from the Sabine River during the March 8th sampling were 
identified as Q. verrucosa.  These glochidia were encysted on a mud darter (Etheostoma 
asprigene) and a weed shiner (Notropis texanus).  One glochidia was also identified from 
the Sabine River during the April 9th sampling.  This glochidia was encysted on a western 
mosquito fish (Gambusia affinis).  Q. verrucosa was the only glochidia identified on mud 
darters.  All three of these fish encysted with Q. verrucosa were infested with less than 
two glochidia. 
 Previous laboratory studies have been unsuccessful in identifying potential fish 
hosts used for Plectomerus dombeyanus (bankclimber).  Glochidia were identified as P. 
dombeyanus on four fish within two species from the Sabine River during two sampling 
periods (June 25th and July 8th).  Three of these glochidia where encysted on red shiners 
while one was encysted on a blackstripe topminnow (Fundulus notatus).  Two of the red 
shiners were heavily infested with glochidia, but they were also encysted with F. askewi.  
Based on morphological features, only one P. dombeyanus was encysted on each of the 
four fish. 
 Only one host species has been identified through laboratory studies for 
Potamilus purpuratus (bleufer) and it was not confirmed in this study.  However, a new 
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potential host was found.  Potamilus purpuratus glochidia were successfully identified on 
one fish from the Sabine River during one sampling period (June 11th).  One red shiner 
was found to be encysted with three P. purpuratus glochidia.  This red shiner was heavily 
infested and was also infested with F. askewi.  The Potamilus glochidia are easily 
identified based on their axe shape and no other Potamilus were morphologically found 
throughout the rest of the study. 
 One Truncilla truncata (deertoe) glochidia was identified on a freshwater drum 
(Aplodinotus grunniens) from the Sabine River during one sampling date (June 28th).  
This fish has shown to be a potential host for T. truncata in previous studies.  Other 
freshwater drum were infested with glochidia throughout the sampling period but only 
one was able to be identified.  This freshwater drum had only the one glochidia encysted 
on  its’  gills.    Truncilla truncata was the only glochidia encysted on freshwater drum 
during the entire sampling period. 
Discussion 
Use of Molecular Dataset 
This dataset was shown to be very accurate at distinguishing between species of 
unionid mussels.  Misidentifying a species could not only provide false information on 
host status for a mussel species, but it could also alter future laboratory studies, leading to 
future studies examining wrong hosts for metamorphosis suitability.  A recent study 
(Boyer et al., 2011) using a similar approach determined that both CO1 and ND1 loci 
perform well for species identification but that the barcoding gap between average intra- 
and interspecific genetic distances is wider for ND1.  Their unionid dataset showed 
nearly double the interspecific variation with similar intraspecific variation when 
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comparing ND1 to COI.  For this reason, ND1 appears to be the more appropriate locus 
to use for a DNA barcoding dataset designed for unionid mussels, which is why it was 
utilized here. 
By using a DNA barcoding approach with the ND1 gene, species can be easily 
identified by the analysis of a single gene sequence, with the exception of the F. askewi 
and F. lananensis.  This low interspecific variation could reflect very recent divergence 
of the two species, mitochondrial introgression caused by hybridization, or as suggested 
by Burlakova (2012), the incorrect splitting of one true species.  Considering the low 
variation in the ND1 gene between the two species, RFLP analysis would also be 
inefficient in separating the species, because RFLP’s  utilize interspecific differences.  
This key, however, is still useful for the identification of naturally infested glochidia, 
because of the fact that these two species do not co-occur.  One can infer which species 
of Fusconaia a particular glochidia is based on the river drainage and specific site in 
which the naturally infested fish was captured.   
An effective molecular identification dataset will only be accurate if DNA is 
successfully extracted and amplified from a single glochidium.  The extraction methods 
demonstrated in this study successfully amplified the small amount of DNA available in 
one glochidium.  While the extraction process did not work on 100% of the glochidia 
(151 out of 190), it did work on a high enough portion to be a suitable method for 
identification.   
Previous studies have developed identification keys utilizing the techniques of 
RFLP analysis (White et al., 1996; Gerke and Tiedmann, 2001; Kneeland and Rhymer, 
2007).  The use of DNA barcoding approach developed in this study is significantly 
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easier to use.  After amplification is completed, sequencing of the ~1000 bp region yields 
enough variation to separate species, much easier than the multistep restriction enzyme 
procedure applied for unionids in Maine (Kneealnd and Rhymer, 2007).  The simplicity 
of DNA barcoding demonstrates how increased availability of genetic sequence data and 
new advancing tools can easily be utilized to create an incredibly accurate molecular 
identification dataset.  This method will still be useful in more complex ecosystems with 
higher diversity than 37 mussel species. 
Molecular identification of glochidia through the use of a molecular key has many 
advantages over traditional laboratory trials.  Host effectiveness with laboratory methods 
can be measured based on encystment time and the number of metamorphosed juveniles.  
Whereas, naturally parasitized fish can provide a more natural insight of host 
effectiveness by quantifying both the proportion of fish captured with glochidia 
infestations and the infestation intensity, which may differ among fish species and fish 
age (Martel and Lauzon-Guay, 2005).  Sampling naturally parasitized fish also has the 
advantage of examining a larger number of fish species.  Within the study area, any fish 
species captured can be examined for encysted glochidia, compared to the limited 
resource availability in laboratory studies determining the number of species tested.  
However, a natural study will be limited on the number of species examined based on 
capture techniques used.  Capture techniques can be useful in targeting various age 
classes  and  sizes  to  examine  host  use  in  each  stage  of  the  fish’s  life  history.    Laboratory  
studies are usually constrained to examining hosts for one or only a few mussel species, 
but when utilizing molecular identification techniques, sampling naturally parasitized fish 
could yield information on host use for all of the mussel species found in a geographical 
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area.  The ideal approach to determining host use and host effectiveness for a particular 
species of mussel involves a combination of field sampling with molecular identification 
of glochidia from naturally infested fish, paired with laboratory studies to confirm 
successful juvenile metamorphosis.  This approach allows for laboratory trials to be 
focused on fish species found as potential hosts in the natural settings, opposed to 
examining fish species based on hypotheses that may not have any significance in natural 
populations.   
Host Effectiveness of Confirmed and Potential Host Fish 
 The prevalence and abundance of F. askewi and P. riddellii on naturally 
parasitized fish indicates that not only do some cyprinids act as suitable hosts in the wild, 
but they are likely the most effective host contributing to recruitment of both mussel 
species.  Fusconaia askewi was found on 57 of the 65 (88%) red shiners, 16 out of 17 
(94%) blacktail shiners, and 13 out of 14 (93%) bullhead minnows examined for 
identification of glochidia from both the Sabine River and Neches River throughout the 
entire field season.  Other fish were infested with F. askewi but not at the high rates seen 
in the cyprinid species sampled.  Pleurobema riddellii was found on 3 out of 10 (30%) 
red shiners, and 1 out of 2 (50%) bullhead minnows examined for identification of 
glochidia from the Neches River during the June 5th sampling.  Had each glochidium 
been identified, it is likely that many more F. askewi and P. riddellii would have been 
identified on these cyprinid species.  All three of these minnow species had high 
infestation rates and were often heavily infested.  Other cyprinids were captured but not 
all were infested with glochidia.   
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 In addition to the highly infested cyprinids, F. askewi was encysted on four other 
minnow species, pallid shiner (Hybopsis amnis), golden shiner (Notemigonus 
crysoleucas), weed shiner (Notropis texanus), and fathead minnow (Pimephales 
promelas).  These four species had much lower infestation rates and are probably less 
ecologically important hosts in the wild.  In total, F. askewi was identified on 17 of the 23 
infested fish, within eight families, and five of these fish species were encysted with 
greater than five F. askewi.  Other Fusconaia species have shown to have selective host 
use on many minnow species (Neves, 1991; Haag and Warren, 2003; Williams et al., 
2008), and similar trends were seen in this study, with high infestation rates on three 
cyprinid species.    However, considering the wide range of fish families infested with F. 
askewi, this species is probably more of a generalist than other closely related Fusconaia.  
Red shiners, blacktail shiners, bullhead minnows, and longear sunfish carried the most F. 
askewi and  were  also  the  only  fish  species  to  be  highly  infested  (≥20  glochidia).  This 
trend indicates that these four species are the most effective host for F. askewi in the 
wild. 
 Only five P. riddellii were identified throughout this study.  These glochidia were 
found on only four fish and each fish had less than three encysted glochidia.  Whereas F. 
askewi was usually heavily infested on fish gills, P. riddellii appears to be in lower 
abundances when encysted on fish.  Similar to this study, other Pleurobema species have 
been known to use minnows as host fish (Hove and Neves, 1994; Gibson et al., 2011).  
Considering P. riddellii was only found to infest two species, red shiner and bullhead 
minnow, these two hosts probably play an important ecological role in the distribution of 
this mussel species. 
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Considering unsuitable fish species are capable of carrying glochidia for a few 
days prior to an immunological response (Meyers et al., 1980; Watters  and  O’Dee, 1996), 
laboratory trials must be conducted with these potential host species to confirm that 
metamorphosis into juveniles occurs.  However, the formation of a cyst has been 
suggested as evidence that successful metamorphosis will ocurr (Martel and Lauzon-
Guay, 2005).  Knowledge of host status for these species would provide conservation 
management strategy for both mussel species.  With the exception of the four highly 
infested fish species, the other potential new host fish may not contribute significantly to 
recruitment in East Texas considering only a very small percentage of these fish were 
found with F. askewi glochidia.    Although,  a  host’s  effectiveness is also dependent on 
abundance of these fish, which may lead to an underestimation of importance based on 
infestation rates alone. 
Life-history of Confirmed and Potential Host Fish 
An effective host fish will exhibit the necessary life-history characteristics for 
attachment and transformation of glochidia.  Not only must the range of the host fish 
overlap with the mussel species, its’  behavior  must  be  favorable in bringing the fish into 
close proximity with a gravid mussel.  Many Ambleminae species, such as F. askewi and 
P. riddellii, have evolved elaborate conglutinate structures, which can mimic minnows or 
invertebrates, to attract host fish (Haag and Warren, 1999).  Other species that lack a 
mantle lure may use temperature or photoperiod mechanisms to effectively release 
glochidia nearby the appropriate fish host (Haag, 2012).  Some species even respond to 
tactile stimulation or through chemical cues to detect the presence of potential fish host 
(Bauer, 2001; Henley and Neves, 2001). 
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The cyprinid species encysted with glochidia in this study are most likely a large 
factor in the dispersal of these threatened mussel species.  However, it is not certain if 
current populations are actively dispersing glochidia, and thus dictating the distribution of 
these mussels.  These minnows species are typically among the most abundant fish 
species in East Texas river drainages (Marsh-Matthews and Matthews, 2000), and were 
universal at the two study sites.  The three highly infested minnow species are omnivores 
(Hale, 1963; Laser and Carlander, 1971), and large individuals are likely attracted to free-
floating pelagic conglutinates released by these two mussel species.   
Red shiners, in particular, have life-history traits that suggest this species could be 
a vital host in recruitment, if a mussel was capable of metamorphosis.  Red shiners are 
extremely tolerant of harsh physical conditions, including temperature and oxygen stress 
(Matthews and Maness, 1979; Matthews, 1987).  The species is a habitat generalist 
(Douglas et al., 1994), readily invades rewatered habitats (Matthews, 1987; Cross and 
Collins, 1995), can reproduce in its first summer of life (Marsh-Matthews et al., 2002), 
and is highly invasive outside its native range (Olden and Poff, 2005), all factors that 
would aid in the dispersal of freshwater mussels.   
The dispersal of most unionid species is strictly dependent upon the fish hosts in 
which they infest (Watters, 1992), and it is thought that the distribution of a mussel 
species is heavily influenced by the effectiveness and breadth of host fish utilized.  
However, the high infestation rates and wide range of host use seen in F. askewi would 
suggest that other factors are more crucial in their distribution.  Pleurobema riddellii, on 
the other hand, had low prevalence and was only encysted on two fish species, within the 
Cyprinidae family.  This could indicate that the conservation status of P. riddellii is 
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strongly influenced by the ability of this mussel species to successfully encounter and 
attach a suitable host fish.  This information will be vital knowledge in the conservation 
efforts to restore threatened mussel populations. 
Only four fish species were examined for a trend in infestation rate and length, 
however, these seem to be the most impactful host fish on the mussel species present, 
considering they were the only fish species to be heavily infested.  Red shiners and 
bullhead minnows tended to increase in infestation rate as the length of the fish increased.  
This is interesting because it would suggest that the buildup of immunity might not occur 
as often as once thought (Watters  and  O’Dee, 1996).  However, this could be attributed to 
the release of conglutinates by some freshwater mussel species.  Larger minnows would 
be more capable of foraging on these conglutinates, and thus be more susceptible to 
glochidia infestation.  Blacktail shiners would probably follow a similar trend as the other 
two minnows, if more individuals were examined.  Longear sunfish was not found to be 
significant, and immunological response probably plays a larger role with this species.  
Longear sunfish are a long-lived species and an ability to acquire an immunity after 
repeated exposures would be expected. 
Temporal and Spatial Variation in Host Use 
 This study investigated the temporal and spatial variation in glochidia abundance 
and host use by East Texas mussel species.  However, sampling was not conducted every 
day throughout the field season, therefore it is not known when fish were initially 
parasitized, or how long the encystment period truly lasts.  Fusconaia askewi and P. 
riddellii are considered bradytictic, which is characterized by glochidia release occurring 
in the spring (Howells et al., 1997).  However, there are many exceptions to this trend 
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(Watters and  O’Dee,  2000),  and  both  species  have  been  observed  to  be gravid in July 
(Howells et al., 1997).  Sampling will be somewhat biased based on the mussel 
community present, whereas localities with high densities of other mussel species relative 
to species of conservation concern will decrease the chances of finding the target species.  
However, an attempt was made to bypass this problem by sampling at sites with large 
mussel beds of known target species. 
 Glochidia abundance throughout the sampling season was largely seen on three 
sampling dates.  The first large spike occurred in early May and was gone by late May.  
The second spike occurred in early June and lasted throughout the entire month of June.  
Although it is not known the exact day on which glochidia were released, it can now be 
estimated when high peaks of glochidia abundance will occur.  This knowledge of known 
large glochidia releases should be used in future studies when examining glochidia.  A 
laboratory trial testing the host fish found in this study, should capture naturally 
parasitized fish during either early May or June, to increase the chance of successfully 
capturing infested fish. 
This large temporal study at the Sabine River can also be useful in estimating a 
release date for each glochidal species identified and an estimated time of encystment.  
This  information  can  estimate  the  release  date  of  these  species’  glochidia  by  examining  
the range of dates prior to finding them.  It can also predict how long the glochidia stay 
encysted by examining the days following encystment in which they are no longer 
present.  Quadrula mortoni, T. trucata, and P. purpuratus were all identified on only one 
sampling date, while P. dombeyanus was identified on two consecutive sampling dates, 
and Q. verrucosa was identified on two sampling dates a month apart.  Based on this 
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information, glochidia release is estimated for Q. verrucosa sometime prior to March 8th, 
Q. mortoni sometime between April 23rd and May 14th, T. truncata sometime between 
May 14th and May 28th, P. purpuratus sometime between May 28th and June 11th, and P. 
dombeyanus sometime between June 11th and June 25th.  It is also estimated that Q. 
mortoni, T. trucata, and P. purpuratus have a short encystment time of less than two 
weeks, while P. dombeyanus has an encystment time of about one month, and Q. 
verrucosa has an encystment time of greater than one month.  However, considering the 
small number of glochidia identified for these species, sampling error might have 
occurred causing a misleading representation of when glochidia were actually released 
and estimated encystment time.   
Fusconaia askewi was found during the entire sampling period in the Sabine 
River, causing problems in estimating a time of glochidia release for this species.  
However, there were two large spikes seen in the abundance of F. askewi glochidia.  
These two dates occurred in early May and early June.  This suggests that F. askewi can 
release their glochidia throughout the entire spring and summer season, but majority of 
individuals have timed releases in early May and June.  Similar trends were seen in 
closely related Fusconaia species located in an Alabama River (Hagg and Warren, 2003; 
Culp et al., 2011).  The small presence of F. askewi seen in early March might suggest 
this species can overwinter on fish host.  Overwintering has been observed in many 
mussel species (Mishra and Chubb, 1969; Tedla and Fernando, 1969; Dartnall, 1973; 
Wooten, 1973; Campbell, 1974; Dartnall and Walkey, 1979; Jansen, 1991), but it is 
assumed to be attributed to cold temperatures slowing metamorphosis (Watters and 
O’Dee,  1999), which may have little impact on glochidia in Texas river systems. 
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Spatial observations were made for host use by F. askewi between the Sabine and 
Neches Rivers.  Fusconaia askewi was found to infest more species from the Sabine 
River than the Neches River, however, this is likely a result of examining more species of 
fish from the Sabine River.  The high infestation rates of red shiners, blacktail shiners, 
and bullhead minnows was similar between both river drainages, providing further 
evidence that these three species are effective host fish for F. askewi. 
Morphological Identification of Glochidia 
 While a morphological identification key to aid in the identification of glochidia 
was attempted, it was ultimately unsuccessful and abandoned.  A compound light 
microscope failed in accurately measuring glochidia for length, width, and hinge length.  
An electron microscope would be more efficient in grouping of glochidia based on these 
features.  Once glochidia are encysted in fish tissue, they become difficult or impossible 
to accurately measure for the creation of a morphological key.  Kennedy and Haag (2005) 
showed the potential success of a morphological key for glochidia of freshwater mussels 
in an Alabama River.  This key was created using glochidia extracted from gravid 
females, and this is probably the ideal approach as it can accurately measure glochidia 
while avoiding the attachment of unwanted fish tissue.  
Conservation Implications 
Artificial propagation of juvenile mussels may be a necessary method for the 
conservation and recovery for many mussel species.  For example, The Upper Mississippi 
River Coordination Team has reared and released approximately 1.8 million juvenile 
Lampsilis higginsii, a federally endangered species (Gordon et al., 2005).  Propagation of 
a mussel species cannot occur without knowledge of suitable host fish.  Propagation 
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programs may not be a viable solution for long term unionid management, therefore long 
term conservation is only possible with a complete understanding of suitable hosts and 
their effectiveness in the wild. 
Relocation of freshwater mussels is a common conservation and management 
technique used by state and federal agencies to recolonize areas that have been extirpated 
of mussel populations (Ahlstedt, 1979; Sheehan et al., 1989), to remove mussels from 
construction zones (Oblad, 1980; Harris, 1986; Berlocher and Wetzel, 1988; Dunn, 
1991), and to re-establish populations of endangered species (Jenkinson, 1985; Hubbs et 
al., 1991).  Recent projects have used relocation efforts to protect unionid populations 
from colonization of invasive species, such as the zebra mussel (Ogawa and Schloesser, 
1993).  In the past, most relocation projects were found to be unsuccessful, with only 
about 50% of relocated mussels surviving (Cope and Waller, 1995).  Even if a relocated 
population can survive, reproduction will be unsuccessful without a suitable host.  
Therefore, it is critical to have knowledge of host fish species for a mussel to be 
successfully relocated. 
 Considering the high number of potential fish hosts and high abundance found for 
F. askewi suggests that host fish may not be a limiting factor contributing to population 
declines, whereas encystment success might be a critical factor in P. riddellii distribution.  
Red shiners were found to be a potential host for both mussel species and they were 
found to be frequently parasitized, often heavily infested, while also among the most 
abundant fish species in East Texas rivers.  Declining populations of these species are 
most likely caused by a combination of factors, such as, habitat degradation (in the form 
of dams), temperature changes, siltation, and many forms of pollution, which have 
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devastating effects on many mussel species throughout North America (Layzer et al., 
1993; McMurray et al., 1999; Haag, 2012).  The introduction of exotic fish species and 
territory expansion of indigenous fish species may displace or alter the behavior of native 
hosts not identified in this study that may have historically been more effective than the 
identified cyprinid species.  Although, some invasive species, such as western mosquito 
fish, might be capable host fish for some generalists in natural conditions.  Large and 
sudden die-offs of mussel beds, including F. askewi, occurred during the sampling season 
at the Sabine site during a long drought spanning the month of August, 2013.  These 
factors could play a larger role in the distribution of mussels of conservation concern than 
their fish host availability.  The most important fish hosts identified for F. askewi and P. 
riddellii are frequently parasitized and are among the most abundant fish species in East 
Texas rivers. Therefore, management practices should focus on the other potential threats 
to these unionid populations.  However, if a mussel species relies on less common hosts 
or is less efficient in transformation of juveniles, efforts should concentrate on this 
relationship to produce the most significant results for recovery. 
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Chapter Three 
Analysis of Fish Host Use for Freshwater Mussels with the Aid of Maxent Niche 
Modeling 
 
Introduction 
 Freshwater mussels have a unique life cycle in which their larval stage (glochidia) 
are obligate ectoparasites on the gills, fins, or scales of fish (Kat, 1984) and specific fish 
host species utilized varies by species of mussel (Neves et al., 1985).  Following 
successful metamorphosis, glochidia excyst from host tissue and drop to the substrate to 
begin a sedentary existence.  Metamorphosed glochidia are essentially immotile and their 
limited movement as adults is not considered a method of dispersal.  Alternative dispersal 
methods have been proposed, such as transport on the feet of birds, but are considered 
phenomena that contribute little to the overall distribution of unionids (Rees, 1965).  
Thus, freshwater mussel distribution patterns appear to mainly be dependent on the range 
of their host fish.  As a result, this specialized life history makes freshwater mussels 
vulnerable to factors that affect fish populations (McNichols et al., 2011).   
This relationship between fish and mussel species is rarely addressed in the 
unionid  distribution  literature.    When  these  two  fauna’s  distributions  are  compared,  
patterns of variability in fish community have been more important to mussel distribution 
than patterns of variability in microhabitat (Haag and Warren, 1998; Vaughn and Taylor, 
1999).  When fish host data have been available, the overall distribution of unionids was 
dependent upon the distribution and diversity of their host fish (Watters, 1992).
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Sampling bias can occur, in which, sampling of mussel and fish species in some localities 
is not always possible and sampling can inaccurately miss rare species, both of which 
could lead to a bias in the species distribution data.  A more appropriate approach to 
examining potential fish host with distribution data is with the aid of ecological niche 
modeling.  
Ecological niche modeling is a useful biological tool to map the potential 
geographic distributions of a species.  Niche models quantify relationships between the 
species known distribution and environmental variables, both abiotic and biotic.  
Ecological niche modeling has been used to facilitate the study of spatial patterns of 
animal diversity (Rosenzweg, 1995; Yom-Tov and Kadmon, 1998; Brown and Lomolini, 
1998; Ricklefs, 2004; Graham et al., 2006).  They have also been useful in determining 
potential impacts of climate change (Iverson and Prasad, 1998; Thomas et al., 2004; 
Thuiller et al., 2005; Lawler et al., 2006), predicting species invasions (Welk et al., 2002; 
Peterson and Shaw, 2003; Goolsby, 2004; Iguchi et al., 2004; Thuiller et al., 2005), and 
supporting conservation methods (Corsi et al., 1999; Araújo and Williams, 2000; Ferrier 
et al., 2002; Funk and Richardson, 2002; Rushton et al., 2004).  Ecological Niche models 
have broad applications and maximum entropy modeling (Maxent) can be a used as a 
possible tool to verify unionid fish hosts in natural conditions. 
Maxent is quickly becoming the most commonly used modeling method to 
predict species distributions (Dudik et al., 2007).  This program begins with a uniform 
probability distribution and repeatedly alters one environmental variable at a time to 
maximize the likelihood of the occurrence dataset (Hernandez et al., 2006).  Thus, by the 
use of fish distribution as an environmental layer, Maxent can determine the impact of a 
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fish species distribution on a mussel species of interest, possibly determining host use in 
natural conditions. 
The purpose of this study was to use Maxent to investigate potential fish host use 
for six state-threatened species of freshwater mussel in East Texas.  Two of these species 
(Fusconaia askewi and Pleurobema riddellii) recently had new potential hosts identified 
through a natural infestation study with the aid of a molecular identification dataset 
(Chapter 2).  Maxent will be used as a tool to 1) validate these potential host fish and 2) 
identify new potential hosts for the other four species of concern. 
Materials and Methods 
Initial Models 
 Previous niche models for six state-threatened mussel species (Texas pigtoe 
(Fusconaia askewi), triangle pigtoe (Fusconaia lananensis), southern hickorynut 
(Obovaria jacksoniana), sandbank pocketbook (Lampsilis satura), Louisiana pigtoe 
(Pleurobema riddellii), and Texas heelsplitter (Potamilus amphichaenus)) were used as 
the initial models for this study (Walters et al. in print).  The models were based on the 
known locations of the species and six environmental layers: soil type, geology, 
vegetation type, landform, groundwater recharge, and land cover type. 
Creation of Fish Layers 
 Extensive fish surveys were conducted from 2009-2012 in East Texas.  Twenty-
eight sites within the Angelina, Neches, Sabine, and Sulphur Rivers were surveyed 
(Troia, 2010; Dunithan, 2012).  This species location data was used to create individual 
fish species distribution models in Maxent.  The same six environmental layers used to 
model the previous mussel distributions were used to model the fish distributions.  A 
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species’  distribution was only modeled if more than five recent records were available for 
that fish species (Pearson et al., 2007).   
Mussel Models Updated with Data on Potential Fish Hosts 
 The distributions of the fish species were used as new environmental layers to 
rerun the previous distribution models for the mussels.  In total 23 fish layers 
(corresponding to the forecast distributions of 23 different fish species) were incorporated 
as new data into the new mussel models (Table 6).  These new mussel models were run 
according to Walters et al. 2014.  The mussel models were evaluated using AUC and the 
deviance (measured in Maxent by test gain; Phillips and Dudik, 2008).  AUC is useful in 
comparing different models to one another and in deciding if a model  is  “accurate  
enough,”  but  it  does  not  assess  the  goodness-of-fit of the model (Lobo et al., 2007).  To 
determine the relative importance of different environmental components (i.e., the layers) 
to the model for a specific mussel species, the gain of the overall model was compared to 
the gains of the specific environmental components when modeled alone.  The 
jackknifing option in Maxent was used to calculate the average effect on the total model 
fit of (a) leaving each environmental component out of the mussel model, in turn and (b) 
leaving out all other environmental components except for the target, in turn.  These 
complementary approaches allow one to evaluate (a) how much of the total model fit 
(gain) can be explained by an individual environmental component and (b) how much of 
the information provided by an environmental component is unique, i.e., not already 
provided by another environmental component in the model. 
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Table 6: Environmental layers for 23 fish species that were incorporated into creating mussel models.  All 
23 fish species had large AUC values (>0.75), and 17 of the 23 fish species were found to be naturally 
encysted with glochidia in the wild. 
 
 
AUC 
Number 
of 
Locations 
Encysted with 
Glochidia in Wild 
Blackstripe Topminnow 0.9213 7 Y 
Blacktail Shiner 0.9254 11 Y 
Bluegill 0.8934 14 Y 
Bullhead Minnow 0.919 9 Y 
Channel Catfish 0.8976 7 Y 
Dollar Sunfish 0.8253 6 N 
Dusky Darter 0.8948 5 Y 
Freckled Madtom 0.9172 9 Y 
Freshwater Drum 0.9538 6 Y 
Gizzard Shad 0.9201 8 Y 
Green Sunfish 0.8966 6 N 
Largemouth Bass 0.8393 7 Y 
Longear Sunfish 0.879 12 Y 
Orangespotted Sunfish 0.8645 5 N 
Pirate Perch 0.8724 6 Y 
Red Shiner 0.9341 11 Y 
Ribbon Shiner 0.8934 7 N 
Smallmouth Buffalo 0.985 5 N 
Spotted Bass 0.8504 10 Y 
Warmouth 0.8221 5 N 
Weed Shiner 0.9103 7 Y 
Western Mosquito Fish 0.8996 5 Y 
White Crappie 0.9031 5 N 
 
 
Results 
Ecological Niche Modeling 
 Twenty-three fish species were successfully modeled with AUC values >0.75.  
These 23 models were considered good at predicting suitable habitat for these fish 
species, and thus were used as layers in the creation of updated mussel models.  Niche 
models for 7 of the 23 fish species found to be encysted with glochidia in the wild were 
unable to be created into environmental layers, as there were either too few location sites 
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(<5), or they were insufficient models (AUC <0.75).  However, these seven species all 
had less than three encysted glochidia found throughout the entire sampling season.  
These infestations might have been the result of accidental attachment, and not the result 
of a true host fish interaction.  Models were successfully created for all of the heavily 
infested fish species.  Also, fish models were successfully created for the two fish species 
encysted with Pleurobema riddellii glochidia, and for 12 of the 17 fish species encysted 
with Fusconaia askewi glochidia. 
Potential Fish Host 
The updated mussel models that included the fish distribution data all had AUC 
values > 0.9.  Because AUC is not a measure of model fit (Lobo et al. 2007), the AUC 
values of the new mussel models were not compared to the AUC values of the old models 
from Walters et al. (2014).  Instead, the focus was on dissecting the contributions of 
individual environmental components to the new mussel models, specifically 
concentrating on how much the fish distributions contributed to the gains of the 
individual mussel models and how much unique information the fish distributions added 
to the individual mussel models. 
 For P. riddellii, there were two fish species (blacktail shiner (Cyprinella venusta) 
and dusky darter (Percina sciera)) whose distributions when modeled alone were each 
able to account for 75% of the total gain of the full mussel model that included all 
environmental variables (Table 7).  For the Obavaria jacksoniana, there were five fish 
species (blackstripe topminnow (Fundulus notatus), blacktail shiner (Cyprinella venusta), 
dusky darter (Percina sciera), red shiner (Cyprinella lutrensis), and weed shiner 
(Notropis texanus)) whose  
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Table 7: Percent test gain attributed to each mussel model with the use of only one fish layer.  High 
percentage indicates a correlation between the distribution of a fish species and the corresponding mussel 
species.  This correlation can be used to investigate potential fish hosts. 
 
  
Louisiana 
Pigtoe 
Sandbank 
Pocketbook 
Southern 
Hickorynut 
Texas 
Heelsplitter 
Texas 
Pigtoe 
Triangle 
Pigtoe 
Blackstripe Topminnow 65.57 55.86 56.35 26.52 64.90* 28.96 
Blacktail Shiner 77.53 102.46 67.11 85.80 87.44** 29.21 
Bluegill 57.50 80.01 38.35 103.88 92.55* 26.15 
Bullhead Minnow 47.22* 69.78 30.80 95.66 86.37** 18.69 
Channel Catfish 51.02 65.99 35.09 83.66 78.40* 21.68 
Dollar Sunfish 35.50 47.69 28.81 97.27 65.88 27.33 
Dusky Darter 75.45 97.88 73.06 95.58 92.57* 27.98 
Freckled Madtom 49.30 68.95 33.65 92.21 79.43* 19.70 
Freshwater Drum 61.16 85.66 47.76 64.32 77.03 33.23 
Gizzard Shad 60.59 85.06 47.77 66.82 78.76 26.64 
Green Sunfish 27.45 37.96 28.84 47.78 56.02 23.84 
Largemouth Bass 61.78 79.57 42.93 54.81 84.54 24.48 
Longear Sunfish 63.57 95.81 47.96 107.98 96.29** 28.60 
Orangespotted Sunfish 38.69 40.64 13.64 83.20 70.82 15.59 
Pirate Perch 42.16 39.24 32.52 25.58 62.96 28.95 
Red Shiner 59.33* 81.32 55.43 98.97 89.60** 34.00 
Ribbon Shiner 36.19 50.20 23.94 83.52 68.22 17.56 
Smallmouth Buffalo 59.41 78.43 44.33 92.36 82.27 20.09 
Spotted Bass 63.56 87.83 49.15 99.55 95.16* 23.42 
Warmouth 32.64 45.74 38.93 25.98 59.52 34.17 
Weed Shiner 69.06 63.02 60.13 28.99 65.49* 30.99 
Western Mosquito Fish 17.04 35.01 25.40 66.22 62.14* 33.11 
White Crappie 59.91 80.47 43.16 53.27 83.69 26.71 
 
*Fish species was naturally parasitized with corresponding mussel species 
**Fish species was heavily parasitized in the wild 
 
distributions when modeled alone were each able to account for >50% of the total gain of 
the full mussel model that included all environmental variables (Table 7).  For the 
Potamilus amphichaenus, there were nine fish species (bluegill (Lepomis macrochirus), 
bullhead minnow (Pimephales vigilax), dollar sunfish (Lepomis marginatus), dusky 
darter, freckled madtom (Noturus nocturnus), longear sunfish (Lepomis megalotis), red 
shiner, smallmouth buffalo (Ictiobus bubalus), and spotted bass (Micropterus 
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punctulatus)) whose distributions when modeled alone were each able to account for 90% 
of the total gain of the full mussel model that included all environmental variables (Table 
7).  For the F. askewi, there were 21 fish species (blackstripe topminnow, blacktail 
shiner, bluegill, bullhead minnow, channel catfish (Ictalurus punctatus), dollar sunfish, 
dusky darter, freckled madtom, freshwater drum (Aplodinotus grunniens), gizzard shad 
(Dorosoma cepedianum), largemouth bass (Micropterus salmoides), longear sunfish, 
orangespotted sunfish (Lepomis humilis), pirate perch (Aphredoderus sayanus), red 
shiner, ribbon shiner (Lythrurus fumeus), smallmouth buffalo, spotted bass, weed shiner, 
western mosquito fish (Gambusia affinis), and white crappie (Pomoxis annularis)) whose 
distributions when modeled alone were each able to account for a substantial portion of 
the total gain of the full mussel model that included all environmental variables, 
especially the cyprinid and centrarchid species (Table 7).  The fish distributions were 
poorer at accounting for the full model fit in the case of the F. lananensis mussel model 
(Table 7). 
Discussion 
Fish Distributions to Predict Potential Fish Host 
 Jackknife results for modeling with only one of the environmental layers at a 
time,  can  reveal  if  a  fish  species’  distribution  explains  the  distribution  of a mussel 
species.  If a fish species layer explains some of the full model of a mussel species, it 
could be a potential fish host.  Pleurobema riddellii was found to be naturally encysted 
on bullhead minnows and red shiners (Chapter 2).  These two fish species were useful in 
explaining the distribution of P. riddellii when modeled alone (47% and 59% 
respectively).  The Maxent results plus the finding of naturally parasitized fish adds 
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weight to the hypothesis that these two species are probably true hosts for P. riddellii.  
Furthermore, blacktail shiners are another potential host, as their distribution, when 
modeled alone, accounted for 77% of the gain of the full mussel model.  Blacktail shiners 
and red shiners are probably hosts for the same species of mussel, as they are closely 
related and known to hybridize (Schwartz, 1981; Schonhuth and Mayden, 2010).  
Increased sampling for P. riddellii could reveal glochidia encysted on some of these other 
fish species. 
From Chapter 2, F. askewi were found to be naturally infested on 17 fish species, 
13 of which were successfully created into fish layers.  Fusconaia askewi was identified 
in high infestations on four of these fish (blacktail shiner, bullhead minnow, longear 
sunfish, and red shiner), all of which when modeled alone accounted for a high 
percentage of the full model for F. askewi (87%, 86%, 96%, and 90% respectively), 
providing more evidence that these species are likely hosts in natural populations.  
Fusconaia askewi seems like a generalist based on the high number of fish species (17) in 
which its glochidia were encysted on (Chapter 2).  The Maxent results also indicate F. 
askewi as a generalist, as all 23 fish layers when modeled alone accounted for greater 
than  50%  of  the  mussels’  distribution, and 14 of these fish layers accounted for greater 
than 75% of the mussels distribution.  It is interesting that the F. lananensis distribution 
was not strongly associated with the distribution of any fish species.  This could be 
because F. lananensis is not in fact a distinct species.  Recent evidence suggests that it is 
closely related to the F. askewi and it has been argued that these two are in fact one 
species (Burlakova et al. 2012).   
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 The other four mussel species have very little or no fish host information, but 
their models can be used as a method to predict potential fish hosts.  Lampsilis satura has 
been shown to use bluegill as a potential host fish in laboratory trials.  The Maxent results 
support bluegill as potential host, as the bluegill layer was able to account for 80% of the 
distribution for L. satura.  Many Lampsiline species have evolved an elaborate minnow-
like mantle lure to attract host fish (Haag and Warren, 1999), and thus are specialists on 
piscivorous fish.  This also seems to be the case with L. satura, as many piscivore fish 
species (bluegill, largemouth bass, longear sunfish, and white crappie), helped explain the 
distribution of this mussel.  The results for O. jacksoniana showed only five fish species 
that when modeled alone can explain >50% of the gain of the full mussel model for O. 
jacksoniana.  There is no other data on fish hosts for O. jacksoniana, therefore these five 
species should be examined for suitability as hosts.  Although, it is possible that the true 
host fish species were not included as layers in this model.  No host information is 
available for P. amphichaenus, however Maxent shows relationships between the 
distribution of many centrarchid species and the distribution of this mussel.  It is possible 
that P. amphichaenus uses multiple fish species within this family as fish hosts. Other 
Potamilus species are known to use freshwater drum as a fish host, and this could also be 
the case with P. amphichaenus, as the test gain for freshwater drum when modeled alone 
is 77%.   
Morphological identification keys have had limited success of determining the 
species of naturally parasitized glochidia on fish.  Recently, studies have begun to use 
molecular identification keys, yet, still very little is known about host use in the wild.  
Studies examining naturally parasitized fish are usually restricted to one or a few 
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localities, which might be insufficient for a wide-ranging mussel species.  Also, many 
laboratory trials are limited to fish species obtained from a few collection areas.  On a 
broad scale, host species and host use could differ throughout the range of some mussel 
species.  Wide geographic areas have been examined for the relationship between mussel 
and fish species richness over the entire community (Vaughn and Taylor, 2000).  
However, this approach does not explore host suitability or host use.  A fine scale 
approach has examined for some correlation between the distribution of mussel species 
and their hosts over a small geographic area (Haag and Warren, 1998), yet, some species 
were positively correlated with host fish and others were negatively correlated.  When 
host fish information is unknown, correlation data might predict potential host fish, but 
considering some species have a negative correlation with host fish, correlation data 
should be paired with information from natural infestations or laboratory trials. 
Conclusions 
Initial models were capable of predicting different habitat type for different 
mussel species, which gave evidence  that  different  fish  species’  distributions  might  
influence  mussel  species’  distributions  differently,  possibly  predicting  host  fish.    This  
study demonstrates the usefulness of Maxent to aid in the identification of fish hosts 
when laboratory trials are not available.  Maxent was useful in predicting host fish that 
were shown to carry glochidia of that particular mussel species in the wild.  When 
multiple fish are found to infest a single mussel species, such as F. askewi, Maxent can 
possibly determine which fish species are the most efficient hosts.  It might also be useful 
in predicting potential host fish for mussel species that have yet to be investigated.  Rare 
mussel species are scarcely abundant in high numbers, therefore, natural infestations of 
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glochidia for such species increase in difficulty to find and identify.  Maxent can be used 
to predict potential  fish  hosts  that  strongly  contribute  to  a  mussel’s  distribution,  so  these  
species can be tested in the laboratory or heavily sampled in the wild.  However, Maxent 
on its own should not be used as a host fish identification method.  Highly correlated 
layers can be problematic in determining which layers are truly important and which are a 
byproduct of correlation.  For example, a fish species might be correlated with 
environmental  variables  that  dictate  a  mussel’s  distribution,  and  therefore  might  appear to 
be  a  factor  in  that  mussel’s  dispersal  but  does  not  actually  serve  as  a  host.    For  this  
reason, Maxent should only be used as a tool paired with either laboratory identification 
or naturally infestation studies of host fish to provide further fish host evidence. 
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Appendix A: Nucleotdie alignment of ND1 gene across all examined East Texas        
Unionidae species. 
                    1              50 
Sul14_Q_pustulosa            CGAAAAGGTCCAAATAAAGTCGGGATTATTGGGATTCCACAACCATTAGC 
Sul22_Q_mortoni               CGAAAAGGTCCAAATAAAGTCGGGATTATTGGGATTCCACAACCATTAGC 
Sul23_Q_mortoni               CGAAAAGGTCCAAATAAAGTCGGGATTATTGGGATTCCACAACCATTAGC 
Cal1_Q_mortoni                 CGAAAAGGTCCAAATAAAGTCGGGATTATTGGGATTCCACAACCATTAGC 
'71-9                                     CGAAAAGGTCCAAACAAAGTCGGGATTATTGGGATTCCACAACCATTAGC 
Sab08_Q_mortoni             CGAAAAGGTCCAAATAAAGTCGGGATTATTGGGATTCCACAACCATTAGC 
'71-2                                     CGAAAAGGTCCAAATAAAGTCGGAATTATTGGGATTCCACAACCATTAGC 
Sul02_Q_verrucosa           CGAAAAGGCCCAAATAAAGTCGGAATTATTGGAATTCCACAACCATTAGC 
Sab10_Q_verrucosa          CGAAAAGGCCCAAATAAAGTCGGAATTATTGGGATTCCACAACCATTAGC 
'69-1                                     CGAAAAGGCCCAAATAAAGTCGGAATTATCGGGATTCCACAACCCTTAGC 
Sab09_Q_apiculata           CGAAAAGGCCCAAATAAAGTCGGAATTATCGGGATTCCACAACCCTTAGC 
'69-3                                     CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'71-8                              CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'76-5                            CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'71-6                           CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'71-3                          CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'90-5                                     CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'90-6                                     CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'71-5                                     CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'71-4                                     CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'69-2                                     CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'76-3                                     CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
'76-4                                     CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
Sab04_Fusconaia               CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
BCC1_Fusconaia                CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
Sul21_F_flava                     CGAAAAGGCCCAAACAAAGTTGGAATTATAGGAATCCCACAACCACTAGC 
Sul17_P_dombeyanus      CGAAAAGGCCCCAACAAAGTAGGAGTCATTGGTATCCCACAACCATTAGC 
Sul09_L_fragilis                  CGAAAAGGCCCAAATAAAGTTGGACTTATAGGAATCCCACAACCTTTAGC 
Sab05_L_fragilis                 CGAAAAGGCCCAAATAAAGTTGGACTTATAGGAATCCCACAACCTTTAGC 
'90-2                                     CGAAAAGGCCCCAATAAAGTCGGGCTTATTGGGATCCCTCAACCTTTAGC 
TxHSSul2_P_am                 CGAAAAGGCCCCAATAAAGTCGGGCTTATTGGGATCCCTCAACCTTTAGC 
77A_P_riddellii                  CGAAAAGGCCCCAATAAAGTCGGGCTTATTGGGATCCCTCAACCTTTAGC 
PPSSul1_P_ohiensis          CGAAAAGGCCCCAATAAAGTCGGACTTATTGGGATCCCTCAACCTCTAGC 
Sul01_P_purpuratus         CGAAAAGGCCCCAACAAAGTCGGACTCATTGGAATCCCTCAACCATTAGC 
Sul04_P_purpuratus         CGAAAAGGCCCCAACAAAGTCGGACTCATTGGAATCCCTCAACCATTAGC 
'67-1                                    CGAAAAGGCCCAAACAAAGTTGGGGTTATGGGAATCCCTCAACCATTAGC 
'90-3                                    CGAAAAGGCCCAAACAAAGTTGGGGTTATGGGAATCCCTCAACCATTAGC 
'93-1                                    CGAAAAGGCCCAAATAAAGTCGGAATTATTGGTATTCCTCAACCATTAGC 
'93-2                                    CGAAAAGGCCCAAATAAAGTCGGAATTATTGGTATTCCTCAACCATTAGC 
Sab2.01_L_satura             CGAAAAGGCCCAAATAAAGTAGGAATTATTGGAATTCCTCAACCATTAGC 
'91-1                                    CGAAAAGGTCCAAATAAGGTTGGAATTATTGGAATTCCCCAACCACTAGC 
'90-1                                    CGAAAAGGCCCAAATAAGGTTGGAATTATTGGAATTCCCCAACCACTAGC 
Sul05_L_teres                    CGAAAAGGTCCAAACAAAGTTGGAATTATAGGAGTCCCCCAACCATTAGC 
Sul18_L_teres                    CGAAAAGGTCCAAACAAAGTTGGAATTATAGGAGTCCCCCAACCATTAGC 
Sab01_T_truncata             CGAAAAGGCCCAAATAAAGTCGGAATAATTGGAATCCCACAACCGTTAGC 
Sab02_T_truncata             CGAAAAGGCCCAAATAAAGTCGGAATAATTGGAATCCCACAACCGTTAGC 
68A_G_rotundata             CGAAAAGGCCCAAACAAAGTCGGAATAATTGGAATTCCTCAACCACTAGC 
'67-4                                    CGAAAAGGCCCAAACAAAGTCGGAATAATTGGAATTCCTCAACCACTAGC 
Sul20_O_reflexa                CGAAAAGGCCCAAATAAAGTAGGAATCATTGGCATTCCACAACCACTAGC 
Sab07_O_reflexa               CGAAAAGGCCCAAATAAAGTAGGAATCATTGGCATTCCACAACCACTAGC 
'67-6                                     CGAAAAGGCCCAAATAAAGTTGGAGCCATTGGAATTCCACAACCGTTAGC 
Sul07                                    CGAAAAGGCCCAAACAAAGTTGGAATTATCGGAATTCCACAACCGCTAGC 
Sul19_U_tetralasmus        CGAAAAGGCCCAAACAAAGTGGGAATCATTGGAATCCCACAACCACTAGC 
Sab06_M_nervosa             CGAAAAGGCCCCAACAAAGTCGGAATCATGGGAATTCCACAACCATTAGC 
Sul10_A_confragosus        CGAAAAGGCCCTAATAAGCTAGGAATTATAGGCATTCCTCAACCTTTAGC 
Sul15_A_confragosus        CGAAAAGGCCCTAATAAGCTAGGAATTATAGGCATTCCTCAACCTTTAGC 
2121_U_imbecillis             CGAAAAGGGCCCAATAAACTAAGAATTATTGGAATCCCTCAACCATTAGC 
Sab2.02_P_grandis            CGAAAAGGTCCCAACAAATTGGGTGTTATTGGTATTCCTCAACCCTTAGC 
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Appendix A: (continued) 
                                  51           100 
Sul14_Q_pustulosa          AGACGCCCTAAAACTCTTCGTTAAAGAATGAGTTATACCAACATCATCAA 
Sul22_Q_mortoni             AGACGCCCTAAAACTCTTCGTTAAAGAATGAGTTATACCAACATCATCAA 
Sul23_Q_mortoni             AGACGCCCTAAAACTCTTTGTTAAAGAATGAGTTATACCAACATCATCAA 
Cal1_Q_mortoni               AGACGCCCTAAAACTCTTTGTTAAAGAATGAGTTATACCAACATCATCAA 
'71-9                                    AGACGCCCTAAAACTCTTTGTTAAAGAATGAGTTATACCAACATCATCAA 
Sab08_Q_mortoni            AGACGCCCTAAAACTCTTTGTTAAAGAATGAGTTATACCAACATCATCAA 
'71-2                                    AGACGCCCTAAAACTCTTTGTTAAAGAATGAGTTATACCAACATCATCAA 
Sul02_Q_verrucosa          AGACGCCCTAAAGCTTTTTGTTAAAGAATGAGTTATACCAACATCCTCAA 
Sab10_Q_verrucosa         AGACGCCCTAAAACTTTTTGTTAAAGAATGAGTTATACCAACATCCTCAA 
'69-1                                    AGACGCCCTAAAACTCTTTGTTAAAGAGTGAGTTATACCGACATCATCAA 
Sab09_Q_apiculata          AGACGCCCTAAAACTCTTTGTTAAAGAGTGGGTTATACCGACATCATCAA 
'69-3                                    AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'71-8                              AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'76-5                              AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'71-6                               AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'71-3                               AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'90-5                              AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'90-6                               AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'71-5                              AGACGCCCTAAAACTTTTTGTGAAAGAATGAATAATACCCACATCCTCAA 
'71-4                              AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'69-2                              AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'76-3                               AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
'76-4                             AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
Sab04_Fusconaia               AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATACCCACATCCTCAA 
BCC1_Fusconaia                AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATGCCCACATCTTCAA 
Sul21_F_flava                    AGACGCCCTAAAACTTTTTGTGAAAGAATGAGTAATGCCCACATCTTCAA 
Sul17_P_dombeyanus      AGACGCCCTAAAACTCTTCGTAAAGGAATGAGTAATGCCTACTTCCTCAA 
Sul09_L_fragilis                 AGATGCATTAAAACTTTTCGTAAAAGAGTGAGTAATACCAACCTCCTCAA 
Sab05_L_fragilis                AGATGCATTAAAACTTTTCGTAAAAGAGTGAGTAATACCAACCTCCTCAA 
'90-2                                    AGACGCATTAAAGCTCTTCACAAAAGAGTGAGTAATACCAACCTCCTCAA 
TxHSSul2_P_am                AGACGCATTAAAGCTCTTCACAAAAGAGTGAGTAATACCAACCTCCTCAA 
77A_P_riddellii                 AGACGCATTAAAGCTCTTCACAAAAGAGTGAGTAATACCAACCTCCTCAA 
PPSSul1_P_ohiensis         AGACGCACTAAAACTCTTCACAAAAGAGTGAGTAACACCAACCTCCTCAA 
Sul01_P_purpuratus        AGACGCATTAAAGCTTTTTGTAAAAGAGTGAGTAATACCAACTTCCTCAA 
Sul04_P_purpuratus        AGACGCATTAAAGCTTTTTGTAAAAGAGTGAGTAATACCAACTTCCTCAA 
'67-1                             AGATGCTCTAAAGCTCTTCGTAAAAGAATGAGTAACACCAACCTCCTCAA 
'90-3                             AGATGCTCTAAAGCTCTTCGTAAAAGAATGAGTAACACCAACCTCCTCAA 
'93-1                             AGATGCCCTAAAACTATTCATAAAAGAATGGGTAACACCAACCACCTCAA 
'93-2                              AGATGCCCTAAAACTATTCATAAAAGAATGGGTAACACCAACCACCTCAA 
Sab2.01_L_satura             AGATGCCCTAAAGCTTTTTGTAAAAGAGTGAGTTACACCAACCTCCTCAA 
'91-1                                   AGATGCCCTAAAACTCTTCGTAAAAGAATGAGTAATGCCGGCCCCCTCAA 
'90-1                            AGATGCCCTAAAACTCTTCGTAAAAGAATGAGTAATACCGGCCCCCTCAA 
Sul05_L_teres                   AGATGCTTTAAAGCTATTCGTAAAAGAATGGGTAATACCAACCTCATCAA 
Sul18_L_teres                   AGATGCTTTAAAGCTATTCGTAAAAGAATGGGTAATACCAACCTCATCAA 
Sab01_T_truncata           AGATGCATTAAAACTTTTCGTAAAAGAATGAGTAATACCCACCTCCTCAA 
Sab02_T_truncata           AGATGCATTAAAACTTTTCGTAAAAGAATGAGTAATACCCACCTCCTCAA 
68A_G_rotundata           AGATGCCTTAAAGTTATTTGTAAAAGAGTGAGTAATACCAACCTCATCAA 
'67-4                            AGATGCCTTAAAGTTATTTGTAAAAGAGTGAGTAATACCAACCTCATCAA 
Sul20_O_reflexa              AGACGCTTTAAAGCTCTTTGTAAAAGAGTGGGTAATACCAACTTCTTCAA 
Sab07_O_reflexa             AGACGCTTTAAAACTCTTTGTAAAAGAGTGGGTAATACCAACTTCTTCAA 
'67-6                                   AGACGCCCTAAAACTTTTCGTAAAAGAGTGGGTAACACCAACTTCTTCAA 
Sul07                                  AGATGCCTTAAAGCTATTCGTAAAAGAGTGGGTATTACCCACTTCCTCAA 
Sul19_U_tetralasmus     AGACGCTTTAAAGCTTTTTGTTAAAGAGTGAGTTATACCTACATCATCAA 
Sab06_M_nervosa          AGACGCCTTAAAGCTATTTGTCAAAGAATGAGTTATACCAACATCCTCAA 
Sul10_A_confragosus     AGATGCCTTAAAACTCTTTGTGAAAGAATGAATTACCCCTACATCTTCAA 
Sul15_A_confragosus     AGATGCCTTAAAACTCTTTGTGAAAGAATGAATTACCCCTACATCTTCAA 
2121_U_imbecillis          AGATGCCCTAAAACTTTTTATTAAAGAATGAGTTACCCCAACATCTTCAA 
Sab2.02_P_grandis         AGATGCTCTAAAACTCTTCGTTAAAGAATGAATTACCCCCACATCTTCAA 
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                              151                                 200 
Sul14_Q_pustulosa            ACTATCTACCATTCATTTTAACCCCAACAGTTATGCTTATCATAGCACTA 
Sul22_Q_mortoni              ACTATCTACCATTCATTTTAACCCCAACAGTTATGCTTATCATAGCACTA 
Sul23_Q_mortoni              ACTATCTACCATTCATTTTAACCCCAACAGTTATGCTTATCATAGCACTA 
Cal1_Q_mortoni                ACTATCTACCATTCATTTTAACCCCAACAGTTATGCTTATCATAGCACTA 
'71-9                             ACTATCTACCATTCATTTTAACCCCAACAGTTATGCTTATCATAGCACTA 
Sab08_Q_mortoni             ACTATCTACCATTCATTTTAACCCCAACAGTTATGCTTATCATAGCACTA 
'71-2                                     ACTATCTACCATTCATTTTAACCCCAACAGTTATGCTTATCATAGCACTA 
Sul02_Q_verrucosa           ATTATTTACCATTCATTTTAACCCCAACAGCCATACTTATCATGGCACTC 
Sab10_Q_verrucosa          ATTATTTACCATTCATTTTAACCCCAACAGCCATACTTATCATGGCACTC 
'69-1                                     ATTACCTACCATTCATCCTAACCCCAACAATCATACTTATCATGGCACTC 
Sab09_Q_apiculata           ATTACCTACCATTCATCCTAACCCCAACAATCATACTTATCATGGCACTC 
'69-3                                     ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'71-8                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'76-5                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'71-6                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'71-3                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'90-5                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'90-6                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'71-5                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'71-4                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'69-2                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'76-3                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
'76-4                                    ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
Sab04_Fusconaia              ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
BCC1_Fusconaia                ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
Sul21_F_flava                     ACTACTTACCATTTATTTTAACCCCAACAATCATATTAATTTTAGCACTT 
Sul17_P_dombeyanus      ACTACCTACCATTCATCCTAACCCCAACCGTCATATTAATTTTGGCACTC 
Sul09_L_fragilis                  ATTACCTACCCTTTATTCTTACCCCAACTATTATACTAATTTTAGCACTT 
Sab05_L_fragilis                 ATTACTTACCCTTTATTCTTACCCCAACTATTATACTAATTTTAGCACTT 
'90-2                                     ATTACTTACCATTTATTCTTACCCCAACTATCATATTAATCTTAGCACTT 
TxHSSul2_P_am                 ATTACTTACCATTTATTCTTACCCCAACTATCATATTAATCTTAGCACTT 
77A_P_riddellii                   ATTACTTACCATTTATTCTTACCCCAACTATCATATTAATCTTAGCACTT 
PPSSul1_P_ohiensis          ATTACTTACCATTTATTCTTACCCCAACCATCATACTAATCTTAGCACTT 
Sul01_P_purpuratus         ATTACTTACCCTTTATTCTTACCCCAACTATTATATTAATTTTAGCACTC 
Sul04_P_purpuratus         ATTACTTACCCTTTATTCTTACCCCAACTATTATATTAATTTTAGCACTC 
'67-1                                    ACTACTTACCTTTCATCTTAACCCCAACTATCATGTTAATTTTAGCACTC 
'90-3                                    ACTACTTACCTTTCATCTTAACCCCAACTATCATGTTAATTTTAGCACTC 
'93-1                                    ACTACCTACCTTTTATCTTTACCCCAACTATTATACTAATTTTGGCACTC 
'93-2                                    ACTACCTACCTTTTATCTTTACCCCAACTATTATACTAATTTTGGCACTC 
Sab2.01_L_satura              ATTACCTACCCTTTATCTTAACCCCAACTATTATGCTAATTCTAGCACTT 
'91-1                                    ATTACCTACCCTTCATCTTAACTCCAACTACTATGTTAATTTTAGCACTT 
'90-1                                    ATTACCTACCCTTCATCTTAACTCCAACTACTATGTTAATTTTAGCACTT 
Sul05_L_teres                    ACTACCTACCCTTCATCTTAACCCCAACTATCATACTAATTTTAGCACTT 
Sul18_L_teres                    ACTACCTACCCTTCATCTTAACCCCAACTATCATACTAATTTTAGCACTT 
Sab01_T_truncata            ACTACCTACCTTTTATTTTAACTCCAACTATTATACTAATCCTAGCTCTA 
Sab02_T_truncata            ACTACCTACCTTTTATTTTAACTCCAACTATTATACTAATCCTAGCTCTA 
68A_G_rotundata             ACTACTTACCATTTATCCTAACACCAACTATTATGCTAATTTTAGCACTA 
'67-4                                    ACTACTTACCATTTATCCTAACACCAACTATTATGCTAATTTTAGCACTA 
Sul20_O_reflexa               ACTATTCACCATTCATTTTAACACCAACCATTATACTAATTCTAGCACTT 
Sab07_O_reflexa              ACTATTCACCATTCATTTTAACACCAACCATTATACTAATTCTAGCACTT 
'67-6                                   ACTACTTACCATTCATCCTAACCCCAACCACTATATTAATCTTAGCACTC 
Sul07                                  ACTATTTACCATTTATTTTAACCCCAACTATTATATTAATCTTAGCACTC 
Sul19_U_tetralasmus      ATTATTTACCATTCATTTTAACCCCAACAGTCATGTTAATTTTAGCACTT 
Sab06_M_nervosa           ATTATCTACCATTCACTCTAACCCCAACAATTATACTTATCTTAGCACTC 
Sul10_A_confragosus     ACTTCCTTCCTTTTATCTTAACCCCAACAGTTATACTTATCTTAGCTCTA 
Sul15_A_confragosus     ACTTCCTTCCTTTTATCTTAACCCCAACAGTTATACTTATCTTAGCTCTA 
2121_U_imbecillis           ACTTTTCTCCATTCATCTTAACTCCAACAGTCATGCTTATCTTAGCCCTT 
Sab2.02_P_grandis         ATTTTTCCCCTTTTACCCTAACCCCAACAATTATACTTATCTTAGCTTTA 
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                                 201        250 
Sul14_Q_pustulosa            AGACTATGACAATTATTCCCATCTTTCATACTCTCAACTCAAATAACCTT 
Sul22_Q_mortoni               AGACTATGACAATTATTCCCATCTTTCATACTCTCAACTCAAATAACCTT 
Sul23_Q_mortoni               AGACTATGACAATTATTCCCATCTTTCATACTCTCAACTCAAATAACCTT 
Cal1_Q_mortoni                 AGACTATGACAATTATTCCCATCTTTCATACTCTCAACTCAAATAACCTT 
'71-9                                      AGACTATGACAATTATTCCCATCTTTCATACTCTCAACTCAAATAACCTT 
Sab08_Q_mortoni              AGACTATGACAATTATTCCCATCTTTCATACTCTCAACTCAAATAACCTT 
'71-2                                      AGACTATGACAATTATTCCCATCTTTCATACTCTCAACTCAAATAACCTT 
Sul02_Q_verrucosa            AGACTATGACAACTATATCCATCTTTCATACTCTCAACCCATATAACCTT 
Sab10_Q_verrucosa           AGACTATGACAACTATATCCATCTTTCATACTCTCAACCCATATAACCTT 
'69-1                                      AGACTATGACAACTATTTCCATCTTTCATGCTCTCAACCCAAATAACCCT 
Sab09_Q_apiculata            AGACTATGACAACTATTTCCATCTTTCATGCTTTCAACCCAAATAACCCT 
'69-3                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'71-8                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'76-5                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'71-6                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'71-3                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'90-5                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'90-6                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'71-5                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'71-4                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'69-2                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'76-3                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
'76-4                                     AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
Sab04_Fusconaia               AGGCTATGACAGCTATTCCCATCCTTTATACTCTCATTTCAAATAACCCT 
BCC1_Fusconaia                 AGACTATGACAACTATTTCCATCCTTTATACTCTCATTTCAAATAGCCCT 
Sul21_F_flava                     AGACTATGACAACTATTTCCATCCTTTATACTCTCATTTCAAATAGCCCT 
Sul17_P_dombeyanus      AGACTCTGACAACTATTTCCATCACTTATACTTACATCTCAAATAACCCT 
Sul09_L_fragilis                  AGACTCTGACAACTATTCCCATCCTTTATATTATCATCACAAATAGTCTT 
Sab05_L_fragilis                 AGACTCTGACAACTATTCCCATCCTTTATATTATCATCACAAATAGTCTT 
'90-2                                     AGACTTTGACAACTATTCCCATCCTTTATACTATCATCCCACACAGTATT 
TxHSSul2_P_am                 AGACTTTGACAACTATTCCCATCCTTTATACTATCATCCCACACAGTATT 
77A_P_riddellii                   AGACTTTGACAACTATTCCCATCCTTTATACTATCATCCCACACAGTATT 
PPSSul1_P_ohiensis          AGACTTTGACAACTATTCCCATCCTTTATATTATCATCCCACACAGTATT 
Sul01_P_purpuratus         AGACTTTGACAACTATTCCCATCTTTTATACTGTCGTCCCAAATAGTTTT 
Sul04_P_purpuratus         AGACTTTGACAACTATTCCCATCTTTTATACTGTCGTCCCAAATAGTTTT 
'67-1                                    AGACTCTGACAGTTATTCCCATCCTTTATATTATCATCCCAAATAATTTT 
'90-3                                    AGACTCTGACAGTTATTCCCATCCTTTATGTTATCATCCCAAATAATTTT 
'93-1                                    AGACTTTGACAATTATTTCCATCCTTTATACTATCATCCCAAATAATTTT 
'93-2                                    AGACTTTGACAATTATTTCCATCCTTTATACTATCATCCCAAATAATTTT 
Sab2.01_L_satura             AGACTTTGACAGCTATTTCCATCCTTCATGCTATCATCCCAAATAATTTT 
'91-1                                    AGACTCTGACAATTATTTCCATCCTTCATACTATCATCCCAAATAATTTT 
'90-1                                    AGACTCTGACAATTATTTCCATCCTTCATACTATCATCCCAAATAATTTT 
Sul05_L_teres                   AGACTTTGACAACTATTTCCGTCATTTATACTATCATCCCAAATAATTTT 
Sul18_L_teres                   AGACTTTGACAACTATTTCCGTCATTTATACTATCATCCCAAATAATTTT 
Sab01_T_truncata            AGACTTTGACAGTTATTCCCATCATTTATATTATCATCCCAAATAATCTT 
Sab02_T_truncata            AGACTTTGACAGTTATTCCCATCATTTATATTATCATCCCAAATAATCTT 
68A_G_rotundata            AGACTATGACAACTATTTCCATCTTTTATACTTTCATCACAAATGACTTT 
'67-4                                   AGACTATGACAACTATTTCCATCTTTTATACTTTCATCACAAATGGCTTT 
Sul20_O_reflexa               AGACTTTGACAGCTATTCCCATCATTCATACGCTCATCACAAATAGTTTT 
Sab07_O_reflexa              AGACTTTGACAGCTATTCCCATCATTCATACGCTCATCACAAATAGTTTT 
'67-6                                    AGACTTTGACAGCTATTCCCATCATTTATACTTTCATTCCAAATAGCGCT 
Sul07                                   AGACTATGACAATTGTTTCCGTCATTTATGCTTTCATCCCAAATGATTTT 
Sul19_U_tetralasmus      AGACTATGACAACTATTCCCTTCATTTATGCTCTCAACTCAAATAACTTT 
Sab06_M_nervosa           AGGCTATGACAACTATTCCCGTCGTTTATACTATCGTTTCAAATAGCCCT 
Sul10_A_confragosus      AGAATATGACAATTGTTTCCATCTTTTATAGTATCAACTCAACTCACATT 
Sul15_A_confragosus      AGAATATGACAATTGTTTCCATCTTTTATAGTATCAACTCAACTCACATT 
2121_U_imbecillis            AGAATATGACAACTGTTCCCATCTTATATGTTATCAACACAACTTACACT 
Sab2.02_P_grandis           AGAATATGACAATTATTCCCTTCTTTTATACTATCAACACAGCTTACACT 
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                                 251         300 
Sul14_Q_pustulosa            AGGAATGCTTTTGTTTTTGTGCATCTCTTCCATGGCCGTTTACACAACCC 
Sul22_Q_mortoni               AGGAATGCTTTTGTTTTTGTGCATCTCTTCCATGGCCGTTTACACAACCC 
Sul23_Q_mortoni               AGGGATGCTTTTGTTTTTGTGCATCTCTTCCATGGCCGTTTACACAACCC 
Cal1_Q_mortoni                 AGGGATGCTTTTGTTTTTGTGCATCTCTTCCATGGCCGTTTACACAACCC 
'71-9                                      AGGGATGCTTTTGTTTTTGTGCATCTCTTCCATGGCCGTTTACACAACCC 
Sab08_Q_mortoni              AGGGATGCTTTTGTTTTTGTGCATCTCTTCCATGGCCGTTTACACAACCC 
'71-2                                      AGGGATGCTTTTGTTTTTGTGCATCTCTTCCATGGCCGTTTACACAACCC 
Sul02_Q_verrucosa            TGGAATGCTTTTATTTCTGTGCATCTCTTCTATAGCTGTTTACACAACCC 
Sab10_Q_verrucosa           TGGAATGCTTTTATTTCTGTGTATCTCTTCTATAGCTGTTTACACAACCC 
'69-1                                      AGGAATACTTTTATTTTTATGTATTTCTTCCATAACCGTTTATACAACCC 
Sab09_Q_apiculata            TGGAATACTTTTATTTTTATGTATTTCTTCCATAACCGTTTATACAACCC 
'69-3                                      AGGAATACTCATATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'71-8                                      AGGAATACTCATATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'76-5                                      AGGAATACTCATATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'71-6                                      AGGAATACTCATATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'71-3                                      AGGAATACTCATATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'90-5                                      AGGAATACTCATATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'90-6                                      AGGAATACTCATATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'71-5                                      AGGAATACTCATATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'71-4                                      AGGAATACTCCTATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'69-2                                     AGGAATACTCCTATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'76-3                                    AGGAATACTCCTATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
'76-4                                    AGGAATACTCCTATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
Sab04_Fusconaia              AGGAATACTCCTATTCTTATGTATTTCTTCTTTAACCGTCTACACAACCT 
BCC1_Fusconaia                AGGAATACTCTTATTCTTATGTATTTCTTCCTTAACCGTCTATACAACCT 
Sul21_F_flava                    AGGAATACTCTTATTCTTATGTATTTCTTCCTTAACCGTCTATACAACCT 
Sul17_P_dombeyanus     TGGAATACTTTTATTCCTATGCATTTCCTCATTAACCGTCTATACAACCC 
Sul09_L_fragilis                 AGGTATACTCTTATTTTTATGTATCTCCTCCCTAGCTGTATACACAACTC 
Sab05_L_fragilis                AGGTATACTCTTATTTTTATGTATCTCCTCCCTAGCTGTATACACAACTC 
'90-2                                    AGGAATACTTTTATTCCTGTCTATCTCCTCCCTAGCTGTCTACACAACTC 
TxHSSul2_P_am                AGGAATACTTTTATTCCTGTCTATCTCCTCCCTAGCTGTCTACACAACTC 
77A_P_riddellii                 AGGAATACTTTTATTCCTGTCTATCTCCTCCCTAGCTGTCTACACAACTC 
PPSSul1_P_ohiensis        AGGAATACTTCTATTCCTATCTATTTCCTCCCTAGCTGTCTACACAACTC 
Sul01_P_purpuratus       AGGTATACTCCTATTCCTCTGCATCTCCTCCCTAGCTGTCTACACAACTC 
Sul04_P_purpuratus       AGGCATACTCCTATTCCTCTGCATCTCCTCCCTAGCTGTCTACACAACTC 
'67-1                                   TGGTATGCTTCTATTCCTGTGTATTTCCTCCCTAGCTGTCTATACAACAC 
'90-3                                   TGGTATGCTTCTATTCCTGTGTATTTCCTCCCTAGCTGTCTATACAACAC 
'93-1                                   TGGGATACTTTTATTCCTGTGCATCTCCTCCCTAGCCGTTTATACAACCC 
'93-2                                   TGGGATACTTTTATTCCTGTGCATCTCCTCCCTAGCCGTTTATACAACCC 
Sab2.01_L_satura            TGGTATACTTTTATTCCTGTGTATTTCCTCCCTAGCCGTCTACACAACCC 
'91-1                                   TGGTATACTCTTGTTTCTATGTATTTCTTCCCTAGCCGTCTACACAACCC 
'90-1                                   TGGTATACTCTTGTTTCTATGTATTTCTTCCCTAGCCGTCTACACAACCC 
Sul05_L_teres                   TGGGATACTCCTATTCCTGTGTATCTCTTCCCTAACTGTTTACACAACCC 
Sul18_L_teres                   TGGGATACTCCTATTCCTGTGTATCTCTTCCCTAACTGTTTACACAACCC 
Sab01_T_truncata           AGGTATATTTTTATTCCTGTGTATTTCCTCCCTAGCCGTTTACACAACTC 
Sab02_T_truncata           AGGTATATTTTTATTCCTGTGTATTTCCTCCCTAGCCGTTTACACAACTC 
68A_G_rotundata           AGGTATACTATTATTTCTGTGTATCTCCTCCCTAACAGTGTATACAACCC 
'67-4                                  AGGTATACTATTATTTCTGTGTATCTCCTCCCTAACAGTGTATACAACCC 
Sul20_O_reflexa             AGGCATGTTATTATTTCTGTGTATTTCATCTCTAACTGTCTACACAACCC 
Sab07_O_reflexa            AGGTATGTTATTATTTCTGTGTATTTCATCTCTAACTGTCTACACAACCC 
'67-6                                  AGGTATACTCTTGTTTTTATGTATTTCTTCCCTAACTGTCTATACAACTT 
Sul07                                 AGGAATACTTTTATTTTTATGCATCTCCTCCTTAACAGTCTATACAACCT 
Sul19_U_tetralasmus    AGGAATACTACTTTTTCTATGCATCTCCTCTATAACTGTTTACACAACCC 
Sab06_M_nervosa          CGGAATACTCTTATTTCTGTGCATCTCCTCCCTAACTGTCTACACAACAC 
Sul10_A_confragosus     AGGCATATTCCTGTTTTTATGTATTTCTTCATTAGCCGTTTATACAACCC 
Sul15_A_confragosus     AGGCATATTCCTGTTTTTATGTATTTCTTCATTAGCCGTTTATACAACCC 
2121_U_imbecillis          AGGAATACTTTTATTCTTATGCATTTCCTCATTAGCTGTTTATACAACAC 
Sab2.02_P_grandis         AGGCATACTTTTATTCTTATGCATCTCCTCATTAGCTGTTTATACAACAC 
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Appendix A: (continued) 
                                 301           350 
Sul14_Q_pustulosa            TAATAGCAGGCTGAGCCTCAAACTCAAAATACGCCTTACTAGGGGCTATC 
Sul22_Q_mortoni               TAATAGCAGGCTGAGCCTCAAACTCAAAATACGCCTTACTAGGCGCTATC 
Sul23_Q_mortoni               TAATAGCAGGCTGAGCCTCAAACTCAAAATACGCCTTACTAGGCGCTATC 
Cal1_Q_mortoni                 TAATAGCAGGCTGAGCCTCAAACTCAAAATACGCCTTACTAGGCGCTATC 
'71-9                                      TAATAGCAGGCTGAGCCTCAAACTCAAAATACGCCTTACTAGGCGCTATC 
Sab08_Q_mortoni              TAATAGCAGGCTGAGCCTCAAACTCAAAATATGCCTTACTAGGCGCTATC 
'71-2                                      TAATAGCAGGCTGAGCCTCAAACTCAAAATACGCCTTACTAGGCGCTATC 
Sul02_Q_verrucosa            TAATAGCCGGCTGAGCTTCAAACTCAAAATACGCCCTACTAGGGGCTATC 
Sab10_Q_verrucosa           TAATAGCCGGCTGAGCTTCAAACTCAAAATACGCCCTACTAGGGGCTATC 
'69-1                                      TAATAGCGGGCTGATCCTCAAACTCAAAATATGCCCTACTAGGAGCCATC 
Sab09_Q_apiculata            TAATAGCAGGCTGAGCCTCAAACTCAAAATATGCCCTACTAGGAGCCATC 
'69-3                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'71-8                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'76-5                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'71-6                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'71-3                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'90-5                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'90-6                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'71-5                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'71-4                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'69-2                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'76-3                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
'76-4                                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
Sab04_Fusconaia                TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGAGCCATT 
BCC1_Fusconaia                  TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGGGCCATT 
Sul21_F_flava                      TAATAGCAGGTTGGGCCTCAAACTCGAAGTATGCTCTACTAGGGGCCATT 
Sul17_P_dombeyanus       TAATGGCGGGCTGAGCCTCAAACTCCAAATATGCCCTACTAGGGGCTATT 
Sul09_L_fragilis                   TCATAGCAGGCTGGGCCTCAAACTCCAAATACGCCCTTCTAGGGGCTATC 
Sab05_L_fragilis                  TCATAGCAGGCTGGGCCTCAAACTCCAAATACGCCCTTCTAGGGGCTATC 
'90-2                                      TCATAACAGGCTGGGCCTCAAACTCCAAATATGCCCTTCTAGGGGCTATC 
TxHSSul2_P_am                  TCATAACAGGCTGGGCCTCAAACTCCAAATATGCCCTTCTAGGGGCTATC 
77A_P_riddellii                   TCATAACAGGCTGGGCCTCAAACTCCAAATATGCCCTTCTAGGGGCTATC 
PPSSul1_P_ohiensis           TCATAACAGGCTGGGCCTCAAACTCCAAATATGCCCTTCTAGGGGCTATC 
Sul01_P_purpuratus          TCATAACAGGCTGGGCCTCAAACTCCAAATATGCCCTCCTAGGGGCTATC 
Sul04_P_purpuratus          TCATAACAGGCTGGGCCTCAAACTCCAAATATGCCCTCCTAGGGGCTATC 
'67-1                                      TTATAACAGGCTGAGCCTCAAACTCTAAGTATGCCCTTTTAGGGGCCATT 
'90-3                                      TTATAACAGGCTGAGCCTCAAACTCTAAGTATGCCCTTTTAGGGGCCATT 
'93-1                                      TTATAACAGGTTGAGCATCAAACTCCAAATATGCCCTTTTAGGGGCTATT 
'93-2                                      TTATAACAGGTTGAGCATCAAACTCCAAATATGCCCTTTTAGGGGCTATT 
Sab2.01_L_satura               TTATAACAGGATGAGCCTCAAACTCCAAATATGCCCTTTTAGGGGCTATT 
'91-1                                     TTATAACAGGATGAGCCTCAAACTCAAAATACGCCCTTTTAGGGGCTATT 
'90-1                                     TTATAACAGGATGAGCCTCAAACTCAAAATACGCCCTTTTAGGGGCTATT 
Sul05_L_teres                     TTATAACTGGCTGGGCCTCAAACTCCAAATATGCCCTTCTAGGGGCTATT 
Sul18_L_teres                     TTATAACTGGCTGGGCCTCAAACTCCAAATATGCCCTTCTAGGGGCTATT 
Sab01_T_truncata             TTATAGCAGGCTGAGCCTCAAACTCTAAGTATGCCCTTTTAGGGGCTATT 
Sab02_T_truncata             TTATAGCAGGCTGAGCCTCAAACTCTAAGTATGCCCTTTTAGGGGCTATT 
68A_G_rotundata              TAATAGCTGGATGGGCTTCAAACTCAAAATACGCCCTACTAGGAGCTATC 
'67-4                                     TAATAGCTGGATGGGCTTCAAACTCAAAATACGCCCTACTAGGAGCTATC 
Sul20_O_reflexa                 TCATAGCAGGATGATCATCAAACTCGAAATACGCCCTCTTAGGGGCTATT 
Sab07_O_reflexa                TCATAGCAGGATGATCATCAAACTCGAAATACGCCCTCTTAGGGGCTATT 
'67-6                                     TAATAGCAGGCTGAGCCTCAAACTCTAAATATGCCTTACTAGGAGCCATT 
Sul07                                    TAATAGCAGGCTGAGCCTCAAACTCCAAATATGCTCTACTGGGGGCTATT 
Sul19_U_tetralasmus        TAATAGCAGGATGAGCCTCAAACTCTAAATACGCTTTGCTAGGTGCTATT 
Sab06_M_nervosa             TAATAGCAGGATGAGCCTCAAACTCTAAATATGCTCTTCTAGGGGCTATC 
Sul10_A_confragosus        TTATAGCAGGCTGGTCATCAAACTCTAAATATGCACTACTCGGTGCCATT 
Sul15_A_confragosus        TTATAGCAGGCTGGTCATCAAACTCTAAATATGCACTACTCGGTGCCATT 
2121_U_imbecillis             TCATAGCGGGTTGGTCATCAAACTCTAAATATGCTTTATTAGGAGCTATT 
Sab2.02_P_grandis            TTATAGCAGGCTGATCGTCAAACTCTAAGTATGCTTTACTTGGAGCTATT 
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                                 351          400 
Sul14_Q_pustulosa            CGAGCCATAGCTCAAACAATCTCCTACGAAGTCACAATAACACTAATTAT 
Sul22_Q_mortoni               CGGGCCATAGCTCAAACAATCTCCTACGAAGTCACAATAACACTAATTAT 
Sul23_Q_mortoni               CGGGCCATAGCTCAAACAATCTCCTACGAAGTCACAATAACACTAATTAT 
Cal1_Q_mortoni                 CGGGCCATAGCTCAAACAATCTCCTACGAAGTCACAATAACACTAATTAT 
'71-9                                      CGGGCCATAGCTCAAACAATCTCCTACGAAGTCACAATAACACTAATTAT 
Sab08_Q_mortoni              CGGGCCATAGCTCAAACAATCTCCTACGAAGTCACAATAACACTAATTAT 
'71-2                                      CGGGCCATAGCTCAAACAATCTCCTACGAAGTCACAATAACACTAATTAT 
Sul02_Q_verrucosa            CGAGCCATAGCTCAAACAATCTCCTATGAAGTTACAATGACACTAATTAT 
Sab10_Q_verrucosa           CGAGCCATAGCCCAAACAATCTCCTATGAAGTTACAATGACACTAATTAT 
'69-1                                      CGAGCTATGGCCCAAACAATCTCCTATGAAGTCACAATAACACTAATTAT 
Sab09_Q_apiculata            CGAGCTATGGCTCAAACAATCTCCTATGAAGTCACAATAACACTAATTAT 
'69-3                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'71-8                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'76-5                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'71-6                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'71-3                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'90-5                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'90-6                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'71-5                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'71-4                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'69-2                                     CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'76-3                                    CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
'76-4                                    CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
Sab04_Fusconaia              CGAGCCATGGCCCAAACCATCTCATATGAAGTAACAATAACACTAATTAT 
BCC1_Fusconaia               CGAGCCATGGCCCAAACCATCTCATATGAGGTAACAATAACACTAATTAT 
Sul21_F_flava                    CGAGCCATGGCCCAAACCATCTCATATGAGGTAACAATAACACTAATTAT 
Sul17_P_dombeyanus     CGGGCCATAGCCCAAACCATCTCCTATGAAGTCACAATAACACTAATTAT 
Sul09_L_fragilis                 CGAGCCATAGCTCAAACCATTTCCTATGAAGTTACAATAACACTAATTAT 
Sab05_L_fragilis                CGAGCCATAGCTCAAACCATTTCCTATGAAGTTACAATAACACTAATTAT 
'90-2                                    CGAGCTATAGCTCAAACCATTTCCTATGAGGTTTCAATAACATTAATTAT 
TxHSSul2_P_am                CGAGCTATAGCTCAAACCATTTCCTATGAGGTTTCAATAACATTAATTAT 
77A_P_riddellii                  CGAGCTATAGCTCAAACCATTTCCTATGAGGTTACAATAACATTAATTAT 
PPSSul1_P_ohiensis          CGAGCTATAGCTCAAACCATTTCCTATGAGGTTTCAATAACATTAATCAT 
Sul01_P_purpuratus         CGAGCCATAGCTCAAACTATTTCCTATGAAGTTACAATAACACTAATCAT 
Sul04_P_purpuratus         CGAGCCATAGCTCAAACTATTTCCTATGAAGTTACAATAACACTAATCAT 
'67-1                                    CGAGCCATAGCTCAAACTATTTCTTACGAAGTTACAATAACATTAATTAT 
'90-3                                    CGAGCCATAGCTCAAACTATTTCTTACGAAGTTACAATAACATTAATTAT 
'93-1                                    CGAGCCACAGCTCAAACCATTTCCTATGAGGTTACAATAACATTAATTAT 
'93-2                                   CGAGCCACAGCTCAAACCATTTCCTATGAGGTTACAATAACATTAATTAT 
Sab2.01_L_satura            CGAGCCATAGCTCAAACCATCTCTTATGAAGTTACAATAACACTAATTAT 
'91-1                                   CGGGCCATAGCCCAAACCATTTCTTACGAAGTTACAATAACACTAATTAT 
'90-1                                   CGGGCCATAGCCCAAACCATTTCTTACGAAGTTACAATAACACTAATTAT 
Sul05_L_teres                   CGAGCAATAGCACAAACCATTTCTTATGAGGTTACAATAACATTAATTAT 
Sul18_L_teres                   CGAGCAATAGCACAAACCATTTCTTATGAGGTTACAATAACATTAATTAT 
Sab01_T_truncata            CGAGCCATAGCTCAAACTATTTCCTACGAGGTAACAATAACACTAATTAT 
Sab02_T_truncata            CGAGCCATAGCTCAAACTATTTCCTACGAGGTAACAATAACACTAATTAT 
68A_G_rotundata            CGAGCCATAGCTCAAACAATCTCTTATGAAGTCACGATAACCTTAATTAT 
'67-4                                   CGAGCCATAGCTCAAACAATCTCTTATGAAGTCACGATAACCTTAATTAT 
Sul20_O_reflexa               CGAGCCATAGCTCAAACCATCTCTTACGAAGTTACAATAACATTAATTAT 
Sab07_O_reflexa              CGAGCCATAGCTCAAACCATCTCTTACGAAGTTACAATAACATTAATTAT 
'67-6                                   CGGGCCATAGCTCAAACAATTTCTTATGAAGTTACAATAACATTAATTAT 
Sul07                                  CGGGCAATAGCCCAAACCATTTCCTATGAAGTCACAATAACACTAATCAT 
Sul19_U_tetralasmus      CGAGCTATAGCTCAAACAATTTCTTATGAGGTTACAATAACACTAATTAT 
Sab06_M_nervosa           CGAGCCATGGCTCAAACAATCTCATACGAAGTCACAATAACACTAATCAT 
Sul10_A_confragosus      CGAGCCATGGCCCAAACAATTTCTTATGAAGTAACTATAACCTTAATAAT 
Sul15_A_confragosus      CGAGCCATGGCCCAAACAATTTCTTATGAAGTAACTATAACCTTAATAAT 
2121_U_imbecillis            CGAGCTATAGCCCAAACAATTTCTTATGAGGTAACTATAACCCTAATTAT 
Sab2.02_P_grandis           CGAGCTATAGCCCAAACAATCTCTTATGAAGTCACTATAACCTTAATTAT 
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                                 451         500 
Sul14_Q_pustulosa            CATTTTTTACCTATTTATAATGTCACAAATAGACATAGTAACAATCCGCC 
Sul22_Q_mortoni               CATTTTTTACCTATTTATAATGTCAGAAATAGACATAGTAACAATCCGCC 
Sul23_Q_mortoni               CATTTTTTATCTGTTTATAATGTCAGAAATAGACATAGTAACAATCCGCC 
Cal1_Q_mortoni                 CATTTTTTATCTGTTTATAATGTCAGAAATAGACATAGTAACAATCCGCC 
'71-9                                      CATTTTTTACCTGTTTATAATGTCAGAAATAGACATAGTAACAATCCGCC 
Sab08_Q_mortoni              CATTTTTTACCTGTTTATAATGTCAGAAATAGACATAGTAACAATCCGCC 
'71-2                                      CATTTTTTACCTGTTTATAATGTCAGAAATAGACATAGTAACAATCCGCC 
Sul02_Q_verrucosa            TATTTTTTATTTGTTTATAATATCACAAATAGACATAGTAACAATCCGTC 
Sab10_Q_verrucosa           TATTTTTTATTTGTTTATAATATCACAAATAGACATAGTAACAATCCGTC 
'69-1                                      CATTTTTTACTTATTCATAATGTCACAAATAGACATAGTAACAATCCGCC 
Sab09_Q_apiculata            CATTTTTTACTTATTCATAATGTCACAAATAGACATAGTAACAATCCGCC 
'69-3                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'71-8                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'76-5                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'71-6                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'71-3                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'90-5                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'90-6                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'71-5                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'71-4                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'69-2                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'76-3                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
'76-4                                      CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
Sab04_Fusconaia                CATTTTCTACCTATTCTTGATTATACAAATAGACATAGTAACAATCCGCT 
BCC1_Fusconaia                  CATCTTCTACCTATTCTTAATTATACAAATAGACATAGTAACAATCCGCT 
Sul21_F_flava                       CATCTTCTACCTATTCTTAATTATACAAATAGACATAGTAACAATCCGCT 
Sul17_P_dombeyanus        TATCTTCTACCTATTCTTAATAATGCAAATAGACATAGTAACAATTCGCC 
Sul09_L_fragilis                    TATCTTTTATTTATTTTTAATAATACAAATAGATATAGTAACAATCCGCT 
Sab05_L_fragilis                   TATCTTTTATTTATTTTTAATAATACAAATAGATATAGTAACAATCCGCT 
'90-2                                       TATCTTTTATTTATTTTTAACAATACAAATAGATGTGGTTACAGTTCGCT 
TxHSSul2_P_am                   TATCTTTTATTTATTTTTAACAATACAAATAGATGTGGTTACAGTTCGCT 
77A_P_riddellii                     TATCTTTTATTTATTTTTAACAATACAAATAGATGTGGTTACAGTTCGCT 
PPSSul1_P_ohiensis            TATCTTTTATCTATTCTTAATAATACAAATAGATCTAGTTACAATTCGCT 
Sul01_P_purpuratus           TATCTTTTACTTATTCTTAATAATGCAAATAGATATAGTAACAATCCGCT 
Sul04_P_purpuratus           TATCTTTTACTTATTCTTAATAATGCAAATAGATATAGTAACAATCCGCT 
'67-1                                      TATATTTTATTTATTTTTAATAATACAAATAGATATGGTAACAATTCGCT 
'90-3                                      TATATTTTATTTATTTTTAATAATACAAATAGATATGGTAACAATTCGCT 
'93-1                                      TATTTTTTACTTATTTCTAATAATACAAATAGACATAGTAACAATTCGCT 
'93-2                                      TATTTTTTACTTATTTCTAATAATACAAATAGACATAGTAACAATTCGCT 
Sab2.01_L_satura               TGTTTTCTATCTATTTTTAATAATACAAATAGATATGGTAACAATTCGCC 
'91-1                                     TATCTTTTACCTATTTTTAATTATACAAATAGATATAGTAACAATTCGCC 
'90-1                                     TATCTTTTACCTATTTTTAATTATACAAATAGATATAGTAACAATTCGCC 
Sul05_L_teres                     CATTTTTTATTTATTCTTAATAATACAAATAGACATAGTAACAATTCGCC 
Sul18_L_teres                     CATTTTTTATTTATTCTTAATAATACAAATAGACATAGTAACAATTCGCC 
Sab01_T_truncata             TATTTTCTACCTATTCCTAATAATAAAAATAGACATAGTAATAATTCGTC 
Sab02_T_truncata             TATTTTCTACCTATTCCTAATAATAAAAATAGACATAGTAATAATTCGTC 
68A_G_rotundata              CATCTTTTACTTGTTCTTAATAGCGCAAATAGATATGGTAACAATGCGCT 
'67-4                                     CATCTTTTACTTGTTCTTAATAGCGCAAATAGATATGGTAACAATGCGCT 
Sul20_O_reflexa                 TGTTTTTTACATATTCTTAATAATACAAATAGACATCATAACAATTCGTT 
Sab07_O_reflexa                TATTTTTTACATATTCTTAATAATACAAATAGACATCATAACAATTCGTT 
'67-6                                     TATTTTTTATTTATTTTTAATGGCACAAATAGATATAGTGACAATTCGTT 
Sul07                                    CATCTTTTACTTATTCCTAATAATACAAATAGATATAGTCACAATTCGCT 
Sul19_U_tetralasmus        TATATTTTACCTATTTATGATATCACAAATAGATATAGTTACAATTCGCC 
Sab06_M_nervosa             TATTTTTTACCTATTCCTAATAGCACAAATAGACTTAGTCACAATTCGCT 
Sul10_A_confragosus        TATTTTTTACCTGTTTTTAACCACACAAATAGATATTGTAAGAATTCGCA 
Sul15_A_confragosus        TATTTTTTACCTGTTTTTAACCACACAAATAGATATTGTAAGAATTCGCA 
2121_U_imbecillis              TATTTTTTACCTCTTTCTAACAATACAAATAGATATTGTAAGAATTCGAG 
Sab2.02_P_grandis             TATCTTTTACCTTTTTTTAACAATACAAATAGATATTGTAAGAATCCGCG 
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Appendix A: (continued) 
                                 501       550 
Sul14_Q_pustulosa            TAACCAATTTTTCTATACCAACTTTCACCCTGTCTATCCCCCTTGCCACC 
Sul22_Q_mortoni               TAACCAATTTTTCTATACCAACTTTCACCCTGTCTATCCCCCTTGCCACC 
Sul23_Q_mortoni               TAACCAATTTTTCTATACCAACTATCACCCTGTCTATCCCCCTTGCCACC 
Cal1_Q_mortoni                 TAACCAATTTTTCTATACCAACTATCACCCTGTCTATCCCCCTTGCCACC 
'71-9                                      TAACCAATTTTTCTACACCAACTATCACCCTGTCTATCCCCCTTGCCACC 
Sab08_Q_mortoni              TAACCAATTTTTCTACACCAACTATCACCCTGTCTATCCCCCTTGCCACC 
'71-2                                      TAACCAATTTTTCTACACCAACTATTACCCTGTCTATCCCCCTTGCCACC 
Sul02_Q_verrucosa            TAACTAATTTTTCTATACCGACTATCGCCCTATCTATTCCACTAGCCACC 
Sab10_Q_verrucosa           TAACTAATTTTTCTATACCGACTATCGCCCTATCTATTCCACTAGCCACC 
'69-1                                      TAACTAATTTTTCTATGCCAACTATCGCCCTGTCTATTCCTCTTGCTACC 
Sab09_Q_apiculata            TAACTAATTTTTCTATACCGACTATCGCCCTATCCATTCCTCTTGCTACC 
'69-3                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'71-8                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'76-5                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'71-6                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'71-3                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'90-5                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'90-6                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'71-5                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'71-4                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'69-2                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'76-3                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
'76-4                                     CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
Sab04_Fusconaia               CGGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCCATT 
BCC1_Fusconaia                 CAGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCTATT 
Sul21_F_flava                      CAGTTAACACCTCTATACCAACCTTTGCCCTCTCCGCACCATTAGCTATT 
Sul17_P_dombeyanus       TAGTTAATCTCTCCATACCTACCATTACCCTCTCCTTACCACTAGCCATC 
Sul09_L_fragilis                   CAATTAACTTTTCCATACCCACCATCACCCTTTCAATCCCATTAGCTACC 
Sab05_L_fragilis                  CAATTAACTTTTCCATACCCACCATCACCCTTTCAATCCCATTAGCTACC 
'90-2                                      CAATCAACTTCTCCACACCCACCATCACCCTCTCACTACCATTACTAGCT 
TxHSSul2_P_am                  CAATCAACTTCTCCACACCCACCATCACCCTCTCACTACCATTACTAGCT 
77A_P_riddellii                    CAATCAACTTCTCCACACCCACCATCACCCTCTCACTACCATTACTAGCT 
PPSSul1_P_ohiensis            CAATCAACTTTTCCACACCCACCATCACCCTCATACTACCATTAGCTGGT 
Sul01_P_purpuratus           CAATCAACTTCTCCATACCCACCATCACCCTCTCACTACCACTAGCCATT 
Sul04_P_purpuratus           CAATCAACTTCTCCATACCCACCATCACCCTCTCACTACCACTAGCCATT 
'67-1                                      TAACTAATTTTTCTATACCCACCATTATTCTCTCACTACCACTAGCTATT 
'90-3                                      TAACTAATTTTTCTATACCCACCATTATTCTCTCACTACCACTAGCTATT 
'93-1                                      TAATTAATTTCTCCACACCAACTATCATTCTCTCACTACCATTAGCTATC 
'93-2                                      TAATTAATTTCTCCACACCAACTATCATTCTCTCACTACCATTAGCTATC 
Sab2.01_L_satura               TAACTAACTTCTCTATACCCACTATTACTCTCTCATTACCACTAGCTACC 
'91-1                                      TAATTAATTTCTCAATACCTACCATCACTCTCTCACTACCACTAGCTATT 
'90-1                                      TAATTAATTTCTCAATACCTACCATCACTCTCTCACTACCACTAGCTATT 
Sul05_L_teres                      TGACTAACTTCTCTATACCCACCATCACTTTATCACTACCGCTAGCTATC 
Sul18_L_teres                      TGACTAACTTCTCTATACCCACCATCACTTTATCACTACCGCTAGCTATC 
Sab01_T_truncata               TAACTAACTTCCTTATACCTACCATCACTCTTTCATTACCGTTAGCCATT 
Sab02_T_truncata               TAACTAACTTCCTTATACCTACCATCACTCTTTCATTACCGTTAGCCATT 
68A_G_rotundata                CAACAAACTTTTCTAGCCCAACCATCACCCTCTCCTTACCACTAGCTATC 
'67-4                                       CAACAAACTTTTCTAGCCCAACCATCACCCTCTCCTTACCACTAGCTATC 
Sul20_O_reflexa                   TAATCAACTTTTCAATACCCACAATTACTTTAGCCTTTCCATTAGCTATC 
Sab07_O_reflexa                  TAATCAACTTCTCAATACCCACAATTACTTTAGCCTTTCCATTAGCTATC 
'67-6                                       TAATTAACTTCTCTATACCCACTATTGCCCTCTCCCTTCCATTGGCCACC 
Sul07                                       TAATCAACCTATCTGTGCCTACCATTACCCTCTCCCTACCGCTAGCTATC 
Sul19_U_tetralasmus          TAATTAACTTCTCCACACCTACCATCGCTTTATCCATCCCCTTAGCCATG 
Sab06_M_nervosa               TAATTAACTCATCCATACCTACCATCACCCTATCCATCCCCTTAGCCATC 
Sul10_A_confragosus          TAATAAATACATCTATATGAACAATCACTCTATTCCCTCCTTTAAGAGTT 
Sul15_A_confragosus          TAATAAATACATCTATATGAACAATCACTCTATTCCCTCCTTTAAGAGTT 
2121_U_imbecillis               AAATAAATACATCTTCCTGGGCAATTACACTATTTTTACCATTAAGGGCT 
Sab2.02_P_grandis              TAATAAACACATCTGTTTGAGCAATCATCCTATTTTTACCTTTAAGAATT 
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551                         600 
Sul14_Q_pustulosa            ATGTGGGTAGTAGTAATCCTGGCAGAAACAAACCGAGCTCCATTTGATTT 
Sul22_Q_mortoni               ATGTGGGTAGTAGTAATCCTGGCAGAAACAAACCGAGCTCCATTTGATTT 
Sul23_Q_mortoni               ATGTGGGTAGTAGTAATCCTGGCAGAAACAAACCGAGCTCCATTTGATTT 
Cal1_Q_mortoni                 ATGTGGGTAGTAGTAATCCTGGCAGAAACAAACCGAGCTCCATTTGATTT 
'71-9                                      ATGTGGGTAGTAGTAATCCTGGCAGAAACAAACCGAGCTCCATTTGATTT 
Sab08_Q_mortoni              ATGTGGGTAGTAGTAATCCTGGCAGAAACAAACCGAGCTCCATTTGATTT 
'71-2                                      ATGTGGGTAGTAGTAATCCTGGCAGAAACAAACCGAGCTCCATTTGATTT 
Sul02_Q_verrucosa            ATATGGTTAGTAGTAATTCTGGCAGAGACAAACCGAGCTCCATTTGACTT 
Sab10_Q_verrucosa           ATATGGTTAGTAGTAATTCTGGCAGAGACAAACCGAGCTCCATTTGACTT 
'69-1                                      ATGTGATTAGTAGTAATTCTGGCAGAAACAAATCGAGCCCCATTTGATTT 
Sab09_Q_apiculata            ATGTGATTAGTAGTAATTCTGGCAGAAACAAATCGAGCCCCATTTGATTT 
'69-3                                      ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'71-8                                      ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'76-5                                      ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'71-6                                      ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'71-3                                      ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'90-5                                     ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'90-6                                     ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'71-5                                     ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'71-4                                     ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'69-2                                     ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'76-3                                     ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'76-4                                     ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
Sab04_Fusconaia               ATGTGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
BCC1_Fusconaia                 ATATGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
Sul21_F_flava                      ATATGAACTGTTGTCATCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
Sul17_P_dombeyanus       ATGTGAACTGTAGTTATTTTGGCAGAAACAAACCGAGCCCCATTTGACTT 
Sul09_L_fragilis                   ATATGAACCGCAGTTATTTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
Sab05_L_fragilis                  ATATGAACCGCAGTTATTTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'90-2                                      ATATGAGTCGTAGCTACTTTAGCAGAGACAAACCGAGCCCCATTTGACTT 
TxHSSul2_P_am                  ATATGAGTCGTAGCTACTTTAGCAGAGACAAACCGAGCCCCATTTGACTT 
77A_P_riddellii                    ATATGAGTCGTAGCTACTTTAGCAGAGACAAACCGAGCCCCATTTGACTT 
PPSSul1_P_ohiensis           ATATGAGTCGCAGCCATCTTAGCAGAGACAAACCGAGCCCCATTTGACTT 
Sul01_P_purpuratus          ATGTGAACTGCAGTTATTTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
Sul04_P_purpuratus          ATGTGAACTGCAGTTATTTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'67-1                                     ATATGAATTGCTGTCATTTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'90-3                                     ATATGAATTGCTGTCATTTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
'93-1                                     ATATGGGTAAGAGTTATTTTAGCAGAAACAAACCGAGCCCCATTTGATTT 
'93-2                                     ATATGGGTAAGAGTTATTTTAGCAGAAACAAACCGAGCCCCATTTGATTT 
Sab2.01_L_satura              ATATGAGTAGCAGTTATTTTAGCAGAAACAAACCGAGCCCCGTTCGATTT 
'91-1                                     ATATGAATCGCAGTTATTTTAGCAGAAACAAATCGAGCCCCATTTGATTT 
'90-1                                     ATATGAATCGCAGTTATTTTAGCAGAAACAAATCGAGCCCCATTTGATTT 
Sul05_L_teres                     ATGTGGGTTGCAGTTATTTTAGCAGAAACAAACCGAGCCCCATTTGATTT 
Sul18_L_teres                     ATGTGGGTTGCAGTTATTTTAGCAGAAACAAACCGAGCCCCATTTGATTT 
Sab01_T_truncata             ATATGAATAACAGTTATTATAGCAGAAACAAACCGAGCCCCATTTGATTT 
Sab02_T_truncata             ATATGAATAACAGTTATTATAGCAGAAACAAACCGAGCCCCATTTGATTT 
68A_G_rotundata              ATATGAGTTACAGTCATTTTAGCAGAAACAAACCGAGCTCCATTTGACTT 
'67-4                                     ATATGAGTTACAGTCATTTTAGCAGAAACAAACCGAGCTCCATTTGACTT 
Sul20_O_reflexa                ATGTGAACTGTAGTAATCCTAGCAGAAACAAACCGAGCCCCATTCGACTT 
Sab07_O_reflexa               ATGTGAACTGTAGTAATCCTAGCAGAAACAAACCGAGCCCCATTCGACTT 
'67-6                                    ATATGAACTGTAGTCATCCTAGCAGAAACAAATCGAGCCCCATTTGACTT 
Sul07                                   ATGTGAGTCGTCGTAATCCTAGCAGAAACAAACCGAGCTCCATTCGACTT 
Sul19_U_tetralasmus      ATATGAACAGTAGTAATTTTAGCAGAAACAAATCGAGCCCCATTTGACTT 
Sab06_M_nervosa           ATATGGGTAGTAGTAACCTTAGCAGAAACAAACCGAGCCCCATTTGACTT 
Sul10_A_confragosus      ATATGGTTAGCAGTTATTCTAGCAGAAACAAACCGAGCCCCATTCGATTT 
Sul15_A_confragosus      ATATGGTTAGCAGTTATTCTAGCAGAAACAAACCGAGCCCCATTCGATTT 
2121_U_imbecillis            ATATGGCTAAGAGTTATCCTTGCAGAAACAAACCGAGCCCCTTTTGACTT 
Sab2.02_P_grandis           ATGTGATTAGCAGTTATTCTTGCAGAGACAAACCGAGCCCCTTTCGACTT 
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601       609 
Sul14_Q_pustulosa            TGCCGAAG 
Sul22_Q_mortoni              TGCCGAAG 
Sul23_Q_mortoni              TGCCGAAG 
Cal1_Q_mortoni                TGCCGAAG 
'71-9                                     TGCCGAAG 
Sab08_Q_mortoni             TGCCGAAG 
'71-2                                     TGCCGAAG 
Sul02_Q_verrucosa           TGCCGAAG 
Sab10_Q_verrucosa          TGCCGAAG 
'69-1                                     TGCCGAAG 
Sab09_Q_apiculata           TGCCGAAG 
'69-3                                     TGCTGAAG 
'71-8                                     TGCTGAAG 
'76-5                                     TGCTGAAG 
'71-6                                     TGCTGAAG 
'71-3                                     TGCTGAAG 
'90-5                                     TGCTGAAG 
'90-6                                     TGCTGAAG 
'71-5                                     TGCTGAAG 
'71-4                                     TGCTGAAG 
'69-2                                    TGCTGAAG 
'76-3                                    TGCTGAAG 
'76-4                                    TGCTGAAG 
Sab04_Fusconaia              TGCTGAAG 
BCC1_Fusconaia                TGCTGAAG 
Sul21_F_flava                     TGCTGAAG 
Sul17_P_dombeyanus      CGCCGAGG 
Sul09_L_fragilis                  CGCAGAAG 
Sab05_L_fragilis                 CGCAGAAG 
'90-2                                     CGCAGAAG 
TxHSSul2_P_am                 CGCAGAAG 
77A_P_riddellii                   CGCAGAAG 
PPSSul1_P_ohiensis           CGCAGAAG 
Sul01_P_purpuratus          CGCAGAAG 
Sul04_P_purpuratus          CGCAGAAG 
'67-1                                      TGCCGAAG 
'90-3                                      TGCCGAAG 
'93-1                                      CGCCGAAG 
'93-2                                      CGCCGAAG 
Sab2.01_L_satura               TGCCGAAG 
'91-1                                      TGCCGAGG 
'90-1                                      TGCCGAGG 
Sul05_L_teres                      TGCCGAAG 
Sul18_L_teres                      TGCCGAAG 
Sab01_T_truncata              TGCCGAAG 
Sab02_T_truncata              TGCCGAAG 
68A_G_rotundata               TGCCGAAG 
'67-4                                      TGCCGAAG 
Sul20_O_reflexa                  CGCTGAAG 
Sab07_O_reflexa                 CGCTGAAG 
'67-6                                       TGCCGAAG 
Sul07                                       TGCTGAAG 
Sul19_U_tetralasmus          TGCTGAAG 
Sab06_M_nervosa               CGCTGAAG 
Sul10_A_confragosus          CGCAGAAG 
Sul15_A_confragosus          CGCAGAAG 
2121_U_imbecillis                TGCAGAAG 
Sab2.02_P_grandis              TGCAGAAG 
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Appendix B: Freshwater mussel tissue and NCBI sequences used to create the molecular identification dataset. 
 
 
 
 
Species
Sequence 
obtained 
from
Name River Species
Sequence 
obtained 
from
Name River Species
Sequence 
obtained 
from
Name River
Amblema plicata Tissue Sul07 Sulphur Fusconaia flava NCBI AY158781 - Quadrula mortoni NCBI AY158778 -
NCBI AY158796 - Megalonaias nervosa Tissue Sab06 Sabine Quadrula pustulosa Tissue Sul14 Sulphur
NCBI HM852922 - NCBI GU085356 - NCBI FJ601280 -
NCBI GU085337 - NCBI GU085357 - NCBI FJ601278 -
Fusconaia askewi Tissue 71-3 Neches NCBI AY158794 - NCBI FJ601262 -
Tissue 71-4 Neches Plectomerus dombeyanusTissue Sul17 Sulphur NCBI AY158759 -
Tissue 71-5 Neches NCBI AY158801 - NCBI AY158762 -
Tissue 76-3 Neches NCBI AY655110 - NCBI HM852934 -
Tissue 76-4 Neches Pleurobema riddelli Tissue 77A Neches NCBI DQ640238 -
Tissue 76-5 Neches NCBI JF326444 - NCBI DQ640237 -
Tissue 90-5 Neches Quadrula apiculata Tissue 69-1 Neches Quadrula verrucosa Tissue Sul02 Sulphur
Tissue 90-6 Neches Tissue Sab09 Sabine Tissue Sab10 Sulphur
Tissue Sab4 Sabine NCBI AY158805 - NCBI AY158797 -
Tissue BCC1 Cypress Creek Quadrula nobilis NCBI JF326447 - NCBI AY15807 -
NCBI JN192389 - NCBI AY158786 - Uniomerus declivis NCBI JF326450 -
NCBI JN180977 - NCBI AY158804 - Uniomerus tetralasmus Tissue Sul19 Sulphur
NCBI JN180976 - Quadrula quadrula NCBI AY158790 - NCBI JF326451 -
NCBI JN180974 - NCBI AY158789 - Anodonta suborbiculata Tissue LT1 Lake Tyler
NCBI JN180973 - NCBI AY158774 - Arcidens confragosus Tissue Sul10 Sulphur
Fusconaia lananensis Tissue 69-2 Neches NCBI AY158773 - Tissue Sul15 Sulphur
Tissue 69-3 Neches NCBI AY158772 - NCBI HM852923 -
Tissue 71-6 Neches NCBI HM852936 - NCBI HM852924 -
Tissue 71-8 Neches Quadrula mortoni Tissue Sul22 Sulphur Lasmigona complanata NCBI HM849226 -
NCBI JN180980 - Tissue Sul23 Sulphur NCBI HM849225 -
NCBI JN180981 - Tissue 71-9 Neches NCBI HM849224 -
NCBI JN180982 - Tissue 71-2 Neches NCBI HM849223 -
Fusconaia flava Tissue Sul21 Sulphur Tissue Cal1 Trinity NCBI HM849232 -
NCBI HM849216 - Tissue Sab08 Sabine NCBI HM849221 -
NCBI AY613793 - NCBI AY158764 - NCBI HM849220 -
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Species
Sequence 
obtained 
from
Name River Species
Sequence 
obtained 
from
Name River Species
Sequence 
obtained 
from
Name River
Lasmigona complanata NCBI GU085349 - Utterbackia imbecillis NCBI HM849331 - Potamilus amphichaenus Tissue Sul12 Sulphur
NCBI GU085348 - NCBI HM849332 - Potamilus ohiensis Tissue Sul11 Sulphur
Pyganodon grandis NCBI HM852933 - NCBI HM849333 - NCBI GU085367 -
NCBI HM849263 - NCBI HM849334 - NCBI GU085368 -
NCBI HM849262 - NCBI HM849335 - NCBI HM832942 -
NCBI HM849261 - Glebula rotundata Tissuw 68A Neches Potamilus purpuratus Tissue Sul01 Sulphur
NCBI HM849260 - NCBI AY613795 - Tissue Sul04 Sulphur
NCBI HM849259 - Lampsilis hydiana Tissue 67-1 Neches Toxolasma parvus NCBI AY655123 -
NCBI HM849258 - Tissue 90-3 Neches NCBI HM849307 -
NCBI HM849257 - Lampsilis satura Tissue Sab12 Sabine NCBI HM849299 -
Tissue Sab13 Sabine Lampsilis teres Tissue Sul05 Sulphur NCBI HM849304 -
Strophitus undulatus NCBI GU085375 - Tissue Sul18 Sulphur NCBI HM849302 -
NCBI EF446100 - NCBI AY655102 - Toxolasma texasensis Tissue 67-6 Neches
NCBI HM849273 - Leptodea fragilis Tissue Sul09 Sulphur Truncilla donaciformis NCBI GU085379 -
NCBI HM849274 - Tissue Sab03 Sabine NCBI GU085378 -
NCBI HM849272 - GU085353 - Truncilla truncata Tissue Sab01 Sabine
NCBI HM849271 - HM852932 - Tissue Sab02 Sabine
NCBI HM849270 - GU085354 - NCBI AY655125 -
NCBI HM849269 - Ligumia subrostrata EF213063 - NCBI HM852946 -
NCBI HM849268 - Obliquaria reflexa Tissue Sul20 Sulphur NCBI HM852944 -
NCBI HM849267 - Tissue Sab07 Sabine NCBI HM852943 -
NCBI GU085377 - AY158751 - NCBI GU085380 -
NCBI GU085376 - AY655108 - Villosa lienosa Tissue 91-1 Neches
Utterbackia imbecillis Tissue Sab28 Sabine GU085359 - Tissue 90-1 Neches
NCBI HM849326 - GU085358 - NCBI DQ445203 -
NCBI HM849327 - Obovaria jacksoniana Tissue 93-1 Neches NCBI DQ445208 -
NCBI HM849328 - Tissue 93-2 Neches NCBI DQ445207 -
NCBI HM849329 - AY655109 - NCBI DQ445206 -
NCBI HM849330 - Potamilus amphichaenus Tissue 90-2 Neches NCBI DQ445205 -
NCBI DQ445204 -
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Appendix C.1: Fish species captured with glochidia in each sampling locality throughout the season. 
 
 
 
 
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Sabine River (HWY 14) Sabine River (HWY 14) Sabine River (HWY 14)
Cyprinella lutrensis 3/8/2013 4.1 4 Cyprinella lutrensis 3/19/2013 4 4 Cyprinella lutrensis 4/23/2013 3.8 7
4.8 6 3.6 5 3.2 6
4 5 3.4 3 3.1 4
4.9 3 4.5 1 3.6 2
4.1 5 4 1 4.1 36
4 9 4.6 2 3.8 17
4 7 4/9/2013 3.2 2 3.7 2
4.2 6 3.3 4 3.1 6
3.9 1 3 2 3.3 5
3.9 2 3 1 3 2
4 1 2.7 1 3.6 5
4.2 4 2.7 3 3.2 13
4.5 9 4/23/2013 4.8 5 3.7 6
4.3 6 4.1 9 2.8 1
4.2 9 4.8 1 5/14/2013 4.4 23
4 6 4 5 4.9 7
3.9 3 3.5 9 4.4 12
3.9 8 4.9 10 4.5 10
4 4 4 3 5.3 5
4.3 5 4 6 5.3 8
4 7 4.7 15 5.9 30
3.7 5 4.2 1 4.3 48
3.2 9 3.9 7 5.2 41
3.1 1 3.9 5 4.4 21
3.6 2 4 13 5.1 15
4.1 4 4.2 13 3.9 35
3.7 3 4.5 13 4.7 16
3.1 2 4.3 7 4.7 11
3/19/2013 3.75 3 4.2 3 5.1 16
4.2 5 4 1 4.2 60
4.9 8 3.9 9 4.3 21
4.75 7 4 2 4.7 45
4 6 4.3 10 4 9
3.6 3 4 6 4.3 16
3.45 4 3.7 6 4.7 48
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Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Sabine River (HWY 14) Sabine River (HWY 14) Sabine River (HWY 14)
Cyprinella lutrensis 5/14/2013 4.3 35 Cyprinella lutrensis 5/28/2013 4 6 Cyprinella lutrensis 6/11/2013 4.3 20
4.6 47 5.4 4 4.1 23
4.8 50 4.9 8 4.9 4
4.5 19 5 23 4.4 39
4.4 82 4.5 2 4 67
4.6 46 4.8 2 4.5 23
4.3 63 4.3 23 4.2 8
4.1 27 4.1 4 4.2 4
4.2 40 4.1 6 4.6 17
4.4 132 3.9 6 3.9 16
4.2 5 3.8 3 4.5 39
4.2 24 3.9 3 4 35
4.5 14 4.6 9 3.9 35
3.7 30 4.1 4 4.5 2
4.3 43 3.3 7 4.2 23
3.6 27 3.8 2 3.2 13
4.1 109 3.7 18 3.85 7
5/28/2013 4.6 15 4.7 5 4.2 34
4.1 5 3.8 3 3.7 33
5.3 8 5.6 8 3.85 14
4.1 8 5.1 4 4.9 52
5.3 2 6/11/2013 4.1 11 4.85 12
5.1 15 3.5 27 4.2 14
4.5 2 4.8 6 4.2 21
4.6 7 5.3 25 4.6 44
4.3 8 4.3 17 3.6 12
5.3 3 4.6 15 4.05 6
4.4 13 4.8 20 3.6 43
5.1 4 5.3 9 3.9 12
5 8 4.6 26 4.2 6
4.5 4 4.5 12 4.5 7
4.3 6 4.5 33 6/25/2013 4.6 32
4.7 22 4.6 81 4.6 7
5.2 15 3.4 12 4.3 2
4.6 20 4 19 5.1 20
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Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Sabine River (HWY 14) Sabine River (HWY 14) Sabine River (HWY 14)
Cyprinella lutrensis 6/25/2013 5.3 24 Cyprinella lutrensis 6/25/2013 4.15 7 Cyprinella lutrensis 7/8/2013 4.3 6
4.5 34 4.15 51 3.8 4
5.2 22 4.5 55 4.15 4
5.1 2 3.8 25 4.3 19
4.8 4 4.1 14 4 8
4.05 8 3.8 22 3.8 13
4.4 10 3.8 16 4.3 12
4.6 23 4.1 31 3.7 6
4.4 31 7/8/2013 4.95 1 4 5
5.2 9 4.5 7 3.8 23
4.8 39 5.1 14 3.2 20
4.5 41 4.9 13 3.5 10
4.3 8 5.6 11 4.15 17
4.6 3 5.2 4 3.7 1
5 10 4.3 8 3.9 2
5 17 4.6 13 4.2 8
4.9 18 4.4 1 7/25/2013 5 6
3.7 11 4.5 4 4.6 6
4.85 16 4.15 12 4 8
4.7 12 5 11 5 14
4 19 4.4 7 5.1 4
4.35 99 4.2 15 4.4 4
4.3 6 4.2 5 4.5 6
4.5 45 5 1 4.2 3
4.6 23 4.8 8 3.95 9
4.3 6 4.4 12 4.05 3
4.2 14 3.7 5 3.6 2
4.2 94 3.9 10 4.35 1
3.8 3 4.3 1 3.55 2
3.7 35 4.6 66 3.9 7
4.4 29 4.6 19 3.45 4
4.3 42 4.8 3 3.6 2
4.5 11 4.1 11 3.4 1
4.1 5 4.7 14 3.5 5
4.1 32 3.4 3 3.9 4
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Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Sabine River (HWY 14) Sabine River (HWY 14) Sabine River (HWY 14)
Cyprinella lutrensis 7/25/2013 3.1 4 Cyprinella venusta 5/14/2013 8.7 2 Pimephales vigilax 6/11/2013 5.9 3
3.2 5 5 5 5.6 12
8/8/2013 3.9 5 7.1 38 5.9 13
3.9 9 3.4 5 3.1 19
3.75 4 6/11/2013 4.2 12 6/25/2013 5.05 9
3.6 12 4.9 6 6 1
3.8 14 6/25/2013 5.3 51 5.3 1
3.4 10 5.05 3 4.2 4
3.6 19 5.35 10 3.3 1
3.3 16 7/8/2013 6.1 4 7/8/2013 5.7 2
2.7 6 4.7 2 4.4 1
3.3 8 5.6 1 3.7 5
3.4 4 5.7 19 4.1 2
2.7 10 4.5 45 4.3 10
4.3 3 5.3 21 8/8/2013 2.75 2
3.6 1 7/23/2013 5.25 7 3.85 2
3 1 8/8/2013 4.2 2 3.35 1
8/23/2013 3.85 7 8/23/2013 2.9 1 3.85 1
3.2 33 Pimephales vigilax 3/8/2013 3.2 3 3 3.5
3.5 2 3.65 1 8/23/2013 4.45 1
3.75 4 3.9 3 Ictalurus punctatus 5/14/2013 21.75 12
3.4 3 3/19/2013 4.55 3 8/8/2013 11.8 4
4 6 4/9/2013 3.9 1 Noturus nocturnus 8/23/2013 3.9 1
5.2 6 4/23/2013 4.6 >100 Lepomis macrochirus 4/9/2013 3.3 2
4.85 15 5/14/2013 4.55 5 5/14/2013 3.7 2
4.2 1 5.7 1 4.1 2
4.25 3 4.6 1 4.1 1
4.2 8 5.2 15 4 1
4.2 4 5.3 1 Lepomis megalotis 5/14/2013 7.2 4
4.6 1 3.8 2 7.55 1
4.2 2 4.4 11 5.8 1
4.15 7 5/28/2013 5.4 4 3.5 1
Cyprinella venusta 4/23/2013 4.6 2 5.3 1 5.3 1
4 2 6.5 1 6/11/2013 6.8 2
5.7 7 4.5 1 5.8 1
3.5 1
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Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Glochidia 
infested 
(n)
Sabine River (HWY 14) Neches River (HWY 294) Neches River (HWY 294)
Lepomis megalotis 6/25/2013 8.7 1 Cyprinella lutrensis 6/5/2013 3.4 26 Pimephales vigilax 8/13/2013 3.3 2
7.4 3 3.2 16 4.5 2
6.2 1 3.9 6 4.25 1
7/8/2013 8.9 4 8/13/2013 3.3 3 3.9 1
6.2 1 3.55 3 4.1 1
8/8/2013 7.8 2 4.6 2 4 2
6 2 3 2 Aplodinotus grunniens 6/5/2013 16.7 3
Micropterus punctulatus 6/11/2013 10.6 1 3.7 4
6/25/2013 12 1 4.2 1
Micropterus salmoides 5/28/2013 10.6 1 4.25 1
Etheostoma asprigene 3/8/2013 3.1 2 4.1 1
8/23/2013 3.15 1 3.9 1
Percina sciera 5/14/2013 6 4 3.3 3
5.3 8 3.2 1
5.2 1 3 2
5/28/2013 5.4 2 2.75 1
7/8/2013 7.4 1 3.6 1
7/8/2013 7 1 Cyprinella venusta 6/5/2013 5.7 23
8/8/2013 4.4 1 7.3 98
5 8 5.8 11
Neches River (HWY 294) Cyprinella lutrensis 6/5/2013 4.3 45 9.7 11
4.2 4 6.2 16
5.2 11 6.2 5
4.3 11 5.3 8
4.1 17 3.7 4
3.8 16 6.3 2
4.3 22 4.6 9
4.1 31 8/13/2013 4.5 2
3.6 30 Pimephales vigilax 6/5/2013 3.6 1
4.1 47 4.1 1
4.1 14 4.3 37
4.9 29 4.7 1
4.1 3 4.1 2
4.1 27 8/13/2013 3.6 1
3.8 14 3.9 1
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Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Sabine River (HWY 14) Lepisosteus osseus 4/23/2013 51.7 Sabine River (HWY 14) Cyprinella lutrensis 3/8/2013 4.75 Sabine River (HWY 14) Cyprinella lutrensis 3/19/2013 2.85
Lepisosteus platostomus 5/14/2013 59.4 3.6 3.1
Dorosoma cepedianum 4/23/2013 22.7 4.15 3.45
18.4 5.3 3.5
12.25 4.2 3.7
13.45 4.4 3.65
16 3.8 3.1
17.5 4 4.5
14.3 3.65 4.7
15.3 3.6 4.7
16.4 3.7 4.4
5/14/2013 17.3 3.35 4.8
16.5 3.5 4.9
15.6 3.3 5.2
18 3.45 4.2
10.2 3.6 4.75
16.25 4.1 3.6
14.3 4.25 4.15
6/11/2013 3.6 4.8 5.3
3.75 3.7 4.2
4.3 3.6 4.4
Cyprinella lutrensis 3/8/2013 2.85 2.8 3.8
3.1 2.75 4
3.45 2.5 3.65
3.5 2.6 3.6
3.7 2.9 3.7
3.65 2.6 3.35
3.1 3.15 3.5
4.5 3.2 3.3
4.7 3.6 3.45
4.7 3.9 3.6
4.4 4.5 4.1
4.8 4.6 4.25
4.9 2.9 4.8
5.2 3 3.7
4.2 3.2 3.6
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Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Sabine River (HWY 14) Cyprinella lutrensis 3/19/2013 2.8 Sabine River (HWY 14) Cyprinella lutrensis 3/19/2013 3.45 Sabine River (HWY 14) Cyprinella lutrensis 4/9/2013 4.1
2.75 3.2 4.2
2.5 4 3.75
2.6 4 3.5
2.9 3 4/23/2013 3.6
2.6 3 2.8
3.15 3.15 2.75
3.2 3.15 2.5
3.6 3.2 2.6
3.9 2.8 2.9
4.5 2.7 2.6
4.6 3.45 3.15
2.9 3.6 3.2
3 3.2 3.6
3.2 3.3 3.9
4 4/9/2013 3.5 4.5
3.8 3.6 4.6
3.5 3.15 2.9
3.2 3.4 5/28/2013 4.9
2.8 4.5 6/11/2013 5.1
2.7 3.8 6/25/2013 4.5
2.6 3.4 4.7
2.6 3.7 4.7
3.9 4.05 4.4
4.2 3.8 4.8
4.5 3.6 7/8/2013 4.9
3.9 3.55 5.2
4.2 3.05 4.2
4.5 3.6 4.75
4.2 4.8 3.6
3.6 4.55 4.15
3.6 4.2 7/23/2013 5.3
3.6 3.5 4.2
3.3 3.8 4.4
3.3 3.6 3.8
3.35 4.4 4
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Locality Fish species
Capture Date 
(2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Sabine River (HWY 14) Cyprinella lutrensis 7/23/2013 3.65 Sabine River (HWY 14) Hybopsis amnis 4.65 Sabine River (HWY 14) Pimephales vigilax 3/8/2013 3.9
3.6 Lythrurus fumeus 6/11/2013 3.3 3.7
3.7 8/8/2013 4.1 4.2
3.35 Notemigonus crysoleucas 3/19/2013 4.2 4.2
3.5 4.6 4.15
8/8/2013 2.85 4.3 4
3.1 5.8 3.3
3.45 3.9 3/19/2013 3.3
3.5 4.5 3.2
3.7 Notropis texanus 4/23/2013 3.45 3.6
3.65 Notropis volucellus 4/9/2013 3.35 3.5
3.1 Pimephales promelas 4/9/2013 3.6 3.1
8/23/2013 4 4.25 4
3.5 6/25/2013 5.2 4.2
4.3 4.1 4.5
3.3 5.5 4.6
3.65 8/8/2013 4.7 3.1
Cyprinella venusta 4/9/2013 4.2 Pimephales vigilax 3/8/2013 3.1 2.9
4.7 4.2 3.4
3.8 3.35 2.8
4/23/2013 3.8 3.6 3.6
4.5 4.7 3
5.35 3.25 4/9/2013 3.8
6/25/2013 3.6 5 4.2
7/23/2013 5.7 3.6 3.55
4.3 5.2 3.1
4.7 3.4 2.8
Cyprinus carpio 4/9/2013 42.5 3.7 2.75
6/11/2013 49.6 2.9 3.3
7/23/2013 44.35 3.1 3.05
Hybopsis amnis 4/9/2013 4.7 3 3.4
4.5 4.3 3.7
3.8 4.4 4.2
5/14/2013 5.1 4.5 4.6
4.35 4.8 3
7/8/2013 5 3.6 4
     
  
95 
Appendix C.2: (Continued) 
 
 
 
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Sabine River (HWY 14) Pimephales vigilax 4/9/2013 3.5 Sabine River (HWY 14) Pimephales vigilax 5/14/2013 4.9 Sabine River (HWY 14) Pimephales vigilax 6/11/2013 5.1
3.15 3.6 5
4.05 3.8 4.75
4.7 4.1 4.1
3.5 4.7 4.5
3.3 4.5 4.1
3.65 3.6 3.75
3.4 3.6 3.7
3.3 3.4 3.9
3.15 3.1 4.1
3.3 2.8 3.6
4/23/2013 3.3 5/28/2013 5.7 3.7
3.8 4.5 3.8
4.5 5.1 3.5
4.6 5.5 3.2
4.9 4.6 3.5
3.1 4.3 3.7
3.6 5.8 4.5
3.15 5.2 4.1
3.4 5.6 3.75
3.7 5.2 3.7
4.2 5.3 3.9
4.6 5.1 4.1
3.8 4.6 3.6
3.55 5.4 3.7
5/14/2013 4.1 5.3 3.8
5.2 5.75 3.5
4.6 4.7 3.6
5.3 5.8 6/25/2013 4.35
4.3 4.9 3.75
5.4 5.5 4.8
5.6 4.4 3.3
4.35 3.9 4.6
4.4 4.6 3.75
3.6 6/11/2013 5.3 4.8
4.2 4.5 3.3
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Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Sabine River (HWY 14) Pimephales vigilax 6/25/2013 4.5 Sabine River (HWY 14) Pimephales vigilax 7/23/2013 5.1 Sabine River (HWY 14) Pimephales vigilax 8/8/2013 5.5
3.1 5 3.7
4 4 3.3
3.4 5.35 4.1
3.8 5.8 4.05
3.6 5.4 3.7
4.3 5.3 3.9
4.25 5.2 3.9
3.9 3.85 3.5
7/8/2014 5.85 4.6 3.5
5.2 4.85 3.4
5.5 3.9 3.4
5.85 3.25 3.2
4.9 4.85 3.2
4.95 4.2 3.7
4.4 4.25 3.3
4.3 4.2 4.2
4.05 3.5 3.7
4.3 4.5 3.95
3.5 3.7 8/23/2013 5.4
4.85 3.2 5.3
5.15 4.15 4.1
5.1 3.5 4.8
4.4 4.65 4.85
3.7 4.3 4.4
3.9 3.85 3.3
4 4.3 4.05
4.2 4.5 3.8
3.3 5.2 4.8
3.9 4.35 3.85
4.15 5 4.1
3.4 4.2 3.8
3.2 4.8 3.75
3.05 4.9 3.9
3.6 5.1 3.9
4 8/8/2013 5.2 4.1
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Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Sabine River (HWY 14) Pimephales vigilax 8/23/2013 3.7 Sabine River (HWY 14) Noturus nocturnus 3/8/2013 4.2 Sabine River (HWY 14) Aphredoderus sayanus 5/14/2013 3.35
3.55 3.1 5/28/2013 3.1
3.6 3/19/2013 3.5 2.75
4.05 4.8 3.6
3.2 4.2 6/11/2013 6.1
3.1 3.8 4.6
3.4 4/23/2013 3.8 6/25/2013 4.2
3.05 5/28/2013 5.7 3.8
2.9 6/25/2013 5.4 7/8/2013 3.2
2.75 3.5 3.3
3.4 7/8/2013 6 3.7
3.2 3.2 7/23/2013 3.5
2.6 3.7 8/8/2013 3.3
3.7 7/23/2013 6.6 8/23/2013 4.55
3.45 3.9 5.2
2.8 5 5.2
Erimyzon sucetta 7/23/2013 4.5 4.35 Gambusia affinis 3/19/2013 2.1
4.5 4.2 4/9/2013 2.2
8/23/2013 4.9 8/8/2013 3.6 2.35
Ictiobus bubalus 3/8/2013 17.55 2.85 2.5
6/25/2013 15.2 3.2 1.1
15.8 8/23/2013 6.4 1.8
7/8/2013 19.6 3.95 1.65
Ictalurus punctatus 4/9/2013 26.5 5.95 1.4
5/14/2013 11.4 4.4 2.1
8.5 2.9 2
7.75 4.4 1.9
18.6 Pylodictis olivaris 5/14/2013 6.95 1.4
5/28/2013 8.2 5/28/2013 5.6 1.1
23.4 8.75 1.2
7/8/2013 2.8 7/23/2013 7.35 1.6
3.4 8/8/2013 4.4 1.6
8/8/2013 9.7 Esox americanus 4/23/2013 5.6 1.4
Noturus gyrinus 3/19/2013 4.3 5/14/2013 11.2 2
5/28/2013 3.6 Aphredoderus sayanus 5/14/2013 3.7 1.5
Noturus nocturnus 3/8/2013 3.8 3.1 6/11/2013 3.4
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Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Sabine River (HWY 14) Gambusia affinis 6/11/2013 2.8 Sabine River (HWY 14) Fundulus notatus 4/23/2013 4.5 Sabine River (HWY 14) Lepomis macrochirus 4/9/2013 6.7
7/23/2013 2.2 3.85 5.3
1.8 5/28/2013 5.9 3.8
2 6/11/2013 4.6 3.5
1.65 4.9 6
8/8/2013 3 6/25/2013 6.8 5.4
2.5 4.8 4.3
2.2 7/8/2013 5.7 4/23/2013 3.8
2.6 8/8/2013 5.55 4.25
2.7 3.15 6
2.3 2.6 5.8
8/23/2013 2.9 8/23/2013 4.7 5.2
1.95 3.1 4.85
Fundulus chrysotus 5/14/2013 4.6 Fundulus olivaceus 6/25/2013 5.3 5.3
Fundulus notatus 3/8/2013 3.4 Lepomis cyanellus 3/8/2013 5.3 4.2
4 5/14/2013 3.7 5/14/2013 4.8
3.8 3.7 6/11/2013 5.9
3/19/2013 3.8 6/11/2013 6.7 6
3.6 7/23/2013 4.6 6.1
3.55 Lepomis gulosus 5/14/2013 8.5 7/8/2013 5.5
4.1 6/25/2013 5.1 7/23/2013 6.5
4.25 7/23/2013 8.4 7.05
4.8 Lepomis humilis 3/19/2013 4.3 5.1
4.65 3.8 4.8
3.8 5.5 5.3
3.7 5.05 8/23/2013 4.2
3.3 4/23/2013 3.8 Lepomis marginatus 5/14/2013 6.1
4/9/2013 4 5.9 6/11/2013 7.1
4.1 6.45 Lepomis megalotis 4/9/2013 4.1
4.2 5.5 4.3
4.5 7/23/2013 6.5 5.2
3.4 Lepomis macrochirus 3/8/2013 3.8 7.4
3.8 4.6 3.5
3.7 4/9/2013 4.2 4.9
4 4.8 6.1
4/23/2013 3.8 5.6 4.5
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Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Sabine River (HWY 14) Lepomis megalotis 4/9/2013 4.9 Sabine River (HWY 14) Lepomis megalotis 6/11/2013 3.8 Sabine River (HWY 14) Lepomis megalotis 7/23/2013 6.1
3.2 4.3 5.5
4.65 4.5 5
4/23/2013 5.55 3.9 5.95
6 5.6 5.5
9.1 6/25/2013 8.6 6.7
7.35 6.2 5.3
6.3 5.6 5.65
6.9 8.2 4.7
5.4 5.7 4.5
3.8 5.8 4.2
4.3 6.5 8/8/2013 7.9
4.5 6.7 7.4
3.9 4.5 6.8
5.6 4.6 6.7
5.3 4.2 5.5
6.4 5 5.5
4.2 4 5.3
5/14/2013 9.9 7/8/2013 7.1 5.8
6.6 8.8 5.5
6.9 7.5 5.75
5.65 5.8 5.4
5.9 6.8 4.9
6.7 4.2 4.5
4.3 4.3 4.4
3.9 4.45 4.3
5/28/2013 5.9 5.5 6.6
5 5 8/23/2013 7.9
8.2 4.15 3.5
6/11/2013 5.55 4.4 3.4
6 4.1 4.05
9.1 5.5 4.6
7.35 7/23/2013 7.9 6.7
6.3 6 4.2
6.9 6.3 4.7
5.4 6.25 6.1
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Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Locality Fish species
Capture 
Date (2013)
Length 
(cm)
Sabine River (HWY 14) Lepomis megalotis 8/23/2013 5.4 Sabine River (HWY 14) 8/23/2013 18.7 Neches River (HWY 294) Dorosoma cepedianum 8/23/2013 12.4
5.7 Etheostoma asprigene 3/8/2013 3.3 16.5
5.2 2.8 Cyprinella lutrensis 6/5/2013 4.2
4.45 2.75 8/13/2013 4.75
4.6 7/23/2013 4.1 3.6
5.7 Etheostoma chlorosomum 3/8/2013 2.6 4.15
5.3 4/9/2013 3.35 5.3
Lepomis microlophus 4/23/2013 4.85 6/25/2013 4.3 4.2
Lepomis miniatus 3/19/2013 6.45 7/8/2013 3.85 4.4
5/28/2013 5.4 Etheostoma gracile 6/11/2013 4.3 3.8
5.9 8/8/2013 4.5 4
7/8/2013 5.2 Etheostoma histrio 3/19/2013 3.1 3.65
Micropterus punctul atus 4/23/2013 6.75 Percina sciera 3/8/2013 3.5 3.6
6/11/2013 3.5 3.8 Cyprinella venusta 6/5/2013 8.5
7/23/2013 6.8 3.3 8/13/2013 4.5
8.5 2.75 3.4
5.4 3/19/2013 3.9 3.3
5.9 4/9/2013 3.9 6
8.25 4/23/2013 4.3 3.5
8/8/2013 13.3 5/14/2013 6.1 Cyprinus carpio 6/5/2013 42.4
8/23/2013 8.8 5/28/2013 5.7 Pimephales vigilax 6/5/2013 3.7
7.3 6/11/2013 7.6 5.2
Micropterus salmoides 4/23/2013 7.25 7/8/2013 6.4 4
5/14/2013 11.4 3.5 3.7
6/11/2013 11.35 7/23/2013 4.9 3.4
9.8 4 8/13/2013 3.3
3.9 4.3 3.2
6/25/2013 11.5 8/8/2013 7 3.6
9.3 8/23/2013 4.55 3.5
12.3 5.5 3.1
8/23/2013 8.9 2.15 4
Pomoxis annularis 4/9/2013 17.5 2.9 4.2
4/23/2013 4.5 Aplodinotus grunniens 4/23/2013 50.8 4.5
7.9 7/8/2013 46.5 4.6
6.5 8/8/2013 52.5 3.1
6/25/2013 16.55 2.9
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Appendix C.2: (Continued) 
 
 
Locality Fish species
Capture 
Date 
(2013)
Length 
(cm)
Neches River (HWY 294) Pimephales vigilax 8/13/2013 3.4
2.8
3.6
3
3.8
Macrhybopsis hyostoma 6/5/2013 4.9
4.6
Lepomis cyanellus 6/5/2013 5.9
8/13/2013 5.75
Lepomis macrochirus 6/5/2013 3.4
3.2
8/13/2013 5.5
Lepomis megalotis 6/5/2013 6.9
8/13/2013 5.5
6.75
5.3
Noturus nocturnus 8/13/2013 3.4
Etheostoma asprigene 8/13/2013 2.7
3.2
